Volcanic islands pose several major types of natural hazards, often interconnected and concentrated in relatively small areas. The quantification of these hazards must be framed from a multi-hazard perspective whilst building on existing single-hazard analyses. Ischia is a densely inhabited volcanic island with a long eruptive history lasting more than 150 ka (last in 1302 AD) characterized by the significant asymmetric resurgence of a caldera block. Here, we review the state-of-art of the natural hazards of Ischia, aiming at building a solid base for future holistic multihazard quantifications. We frame our analysis in three steps: i) review of geological, historical and current activity; ii) review of available hazard models and analyses; iii) development of an interpretative framework for the interdependent hazards. The results highlight that volcanic activity has been quite intense and many volcanorelated hazardous phenomena have affected the island including in very recent times, both for eruptive (phreatic or magmatic eruptions) and non-eruptive (earthquakes, landslides, and tsunamis) phenomena. The effects of some of them (e.g. tsunamis, tephra) are also relevant beyond the island territory. Quantitative hazard assessments are almost absent and should be developed in the future considering the evident interconnections between hazards. To this end, we propose a conceptual interpretative multi-hazard framework that highlights the fundamental role played by the resurgent block in controlling and connecting the different hazards, in terms of both spatial distribution of the sources and temporal clustering.
Introduction
The management of long-term volcanic risks is particularly crucial in volcanic islands, which are characterized by multiple hazards concentrated in a relatively small area, often associated with a large seasonality of exposure due to tourism. Volcanic islands are indeed particularly fragile environments due to their special geological formation and their societal development concentrated in relatively small areas, in which cascading events also connect emerged and submarine environments (e.g., Carey et al. 1996; Marti et al. 2010; Giachetti et al. 2012; Casalbore et al. 2018; Hunt et al. 2018; Rosi et al. 2019) . The scientific challenges are mainly the quantification and the characterization of the interactions among the multiple hazardous phenomena that may occur during the different "states of the volcano" (quiescence, unrest, eruption) and the definition of robust methods to forecast the transition between these states. This requires the development of multi-disciplinary studies targeted to comprehensive multi-hazard quantifications (e.g., Marzocchi et al. 2012; Selva 2013; Mignan et al. 2014; Liu et al. 2015) that, for volcanic islands, are fundamentally underrepresented in the literature. In addition, for these topics, the emerging scientific knowledge is often rather limited and uncertain and, also when well constrained, difficult to communicate to decision makers due to its intrinsic complexity.
In this paper, we discuss the experience gained by one working group in charge of reviewing the state of knowledge about volcanic hazards for Ischia, Italy, established within the agreement between DPC (Italian Department of Civil Protection) and INGV (Istituto Nazionale di Geofisica e Vulcanologia; INGV-DPC-T4C 2016 .
Ischia volcano belongs to the Neapolitan volcanic system. It is located to the SW of the Campi Flegrei caldera, and of the volcanic islands of Procida and Vivara, all together forming the Phlegraean volcanic district. Ischia volcano has been the site of a large number of eruptions in historical times, the most recent of which occurred in 1302 AD (Vezzoli 1988; Iacono 1996) , and of other interdependent hazardous phenomena connected to its magmatic system. It is also characterized by an active hydrothermal system (Chiodini et al. 2004; Di Napoli et al. 2011 and references therein) that, along with its favourable position within the Neapolitan gulf and its beaches, makes it one of Italy's major touristic hubs. The island is densely populated, with more than 60,000 inhabitants distributed in less than 50 km 2 . In touristic seasons this population increases substantially. This makes the volcanic and related risks at Ischia very high, also for relatively small events, as demonstrated by the recent Mw = 3.9 earthquake occurred in August 2017 (Gruppo di Lavoro INGV sul terremoto dell'isola di Ischia 2017) that caused 2 fatalities, several tens of injured, and substantial damages mainly to the village of Casamicciola Terme, located in the northern part of the island.
Although the potential volcanic and related risks at Ischia are very high, the scientific literature on their quantification is sparse and relatively poor. In particular, a critical review of the basic knowledge regarding the volcanic system and the related natural hazards is still lacking, even in the presence of a relatively rich literature on the geology of the island (Rittmann and Gottini 1980; Vezzoli 1988; de Vita et al. 2010; Sbrana and Toccaceli 2011; Sbrana et al. 2018 and references therein), as well as a relatively large number of studies regarding the phenomena that it may produce (especially on historical earthquakes, landslides and tsunamis, e.g., Cubellis and Lungo 2018; de Vita et al. 2006; Della Seta et al. 2012; Paparo and Tinti 2017) . This situation does not even allow establishing solid ground for hazard quantifications in the future.
To fill this gap and prepare the ground for future hazard quantifications, we propose a standardized multihazard review scheme organized in 3 steps. STEP 1 is dedicated to the establishment of the state-of-art on the volcanic system. STEP 2 is focused on the review of the available quantification of all the hazardous phenomena that a volcanic system may be related to. STEP 3 is dedicated to the development of a reference interpretative conceptual framework, focusing on specific topics of interest that emerge during STEPs 1 and 2. All the three steps provide concrete results useful for future developments. In all STEPs, we accounted for i) the hazard/risk separation principle (e.g., Jordan 2014; Papale 2017) ; ii) the variability of scientifically acceptable opinions (sensu SSHAC 1997) , so the full spectrum of scientific opinions (epistemic uncertainty) retrieved from literature and distilled through a transparent and documented interaction within the review has been treated. Noteworthy, STEPs 2 and 3 are strongly oriented toward a multi-hazard and multi-risk perspective, to meet the requirement of building a holistic multi-hazard framework on which to base future hazard quantification.
STEP 1 consists of the review of the available geological, historical and instrumental data, as well as their interpretations. The main goals are the definition of a reference period and the characterization of the volcanic states (rest/unrest/eruption), allowing us to define a reference catalogue of eruptive and non-eruptive events. This catalogue represents a fundamental input to forecasting tools (e.g., Newhall and Hoblitt 2002; Aspinall et al. 2003; Marzocchi et al. 2008; Newhall and Pallister 2015; Hincks et al. 2014) , hazard quantifications in rest, unrest, and eruption periods (e.g., Bonadonna et al. 2005; Costa et al. 2009; Selva et al. 2010 Selva et al. , 2014 Selva et al. , 2018 Jenkins et al. 2012; Biass and Bonadonna 2012; Tierz et al. 2017) , as well as to the definition of potential strategies for risk management (e.g., Marzocchi and Woo 2007; Winson et al. 2014; Woo 2015; Papale 2017; Pallister et al. 2019) .
STEP 2 consists of the systematic review of the stateof-art of hazard quantifications for all the potential hazards, adopting a multi-hazard perspective.. We extended the review to all the phenomena defined in IAEA (2012, 2016) , including eruptive (new vent, ballistics, tephra fall and atmospheric phenomena, lava flows and pyroclastic density currents) and non-eruptive (hydrothermal phenomena, gases, deformations, seismicity, gravitational instability, and tsunamis). We adopted four reviewing milestones (past observations including the largest known and the most recent events, occurrence in rest/ unrest/eruption, intensities and probabilistic hazard curves, triggering/cascading events) and on a rough discretization of probabilistic and spatial information. Our goal is to provide a homogeneous foundation for future probabilistic single and multi-hazard quantifications, bounding on the already observed natural variability and on the links with the volcanic states and with the other hazards.
STEP 3 develops a conceptual interpretative framework providing a comprehensive and rational interpretation of the system based on the available information provided by STEPs 1 and 2. This type of models, often the basis of hazard quantifications (e.g., IAEA 2012 IAEA , 2016 , reflects the opinion that the authors formed during the review project, and has a more speculative character than the other STEPs. As such, no alternative models were considered, even if theoretically possible. For Ischia, the goal of our conceptual framework is investigating the connection among the different hazards in the different states of the volcano.
This review scheme, general and applicable to any volcanic island, is here applied to Ischia Island. In the followings, the 3 stages of this review are described in detail, reporting STEPs 1, 2 and 3 in Sections STEP 1: geological, historical and recent activity and present state of the system, STEP 2: the natural hazards of Ischia, and STEP 3: conceptual interpretative framework, respectively. In Section Discussions and conclusions, we summarize the main results of each STEP and we elaborate some conclusions and final remarks, also identifying some research lines required to improve the present state of knowledge. Given the large number of acronyms, symbols and other abbreviations used, we summarize them in Abbreviations section.
STEP 1: geological, historical and recent activity and present state of the system
The goal of Section STEP 1: geological, historical and recent activity and present state of the system is the establishment of the state-of-art of the available knowledge and interpretations regarding the Ischia volcanic system and its present state. More specifically, we review geological knowledge (Subsection Background for the tectono-magmatic model of Ischia volcanism: geological history) and the present state of the system (Subsections Present state of the volcanic system of Ischia). Based on these reviews, in Subsection Reference period, states of the volcano and their characterization we define the reference period for the present state of Ischia and discuss the available knowledge in this period, distinguishing quiescence, unrest, and eruptive periods in Ischia.
Background for the tectono-magmatic model of Ischia volcanism: geological history
The island of Ischia is part of the Phlegraean volcanic district, which is framed in the Tyrrhenian volcanism. This volcanism, in turn, is related to extensional tectonic phases that accompanied the anticlockwise rotation of the Italian peninsula, during the complex interaction between the Africa and Eurasian plates (Ippolito et al. 1973; D' Argenio et al. 1973; Finetti and Morelli 1974; Bartole 1984; Piochi et al. 2004) . Along the Tyrrhenian margin, extension was accommodated by the activation of NW-SE normal faults and NE-SW normal to strike-slip transfer faultsystems, which allowed magmas to reach the surface, feeding volcanism (Mariani and Prato 1988; Faccenna et al. 1994; Acocella and Funiciello 2006) .
Ischia is the emerged part of an active volcanic field, which rises more than 1,000 m above the sea floor ( Fig. 1 ; Orsi et al. 1999; Bruno et al. 2002) , along the margin of an E-W trending scarp that borders to the south the Phlegraean volcanic district. The island covers an area of 46.4 km 2 and is morphologically dominated by the Monte Epomeo (787 m a.s.l.), in its central portion, and by the NE-SW Monte Vezzi -Monte Cotto alignment of peaks, in the SE corner. The coast is characterized by steep cliffs with interposed promontories on the southern side, and by hilly slopes more gently dipping to the sea, along the other sides. The island is mainly composed of volcanic rocks and landslide deposits, and subordinately of sedimentary terrigenous rocks, which bear witness to a complex history of alternating constructive and destructive phases, due to the interplay between volcanism, volcano-tectonism and slope instability (de Vita et al. 2006 (de Vita et al. , 2010 Della Seta et al. 2012 ). The Ischia volcanics belongs to the low-K series of the Roman comagmatic province, ranging in composition from shoshonite to latite, trachyte and phonolite; the most abundant exposed rocks are alkali-trachytes (Angiulli et al. 1985; Poli et al. 1987 Poli et al. , 1989 Crisci et al. 1989; Civetta et al. 1991) .
Volcanological evolution
Volcanism at Ischia dates back to more than 150 ka and continued, with centuries to millennia of quiescence, until the most recent eruption occurred in 1302 AD (Vezzoli 1988; Sbrana and Toccaceli 2011; Sbrana et al. 2018) . The oldest exposed rocks, aged between 150 and 75 ka, are lava flows and/or lava domes, and a sequence of pyroclastic deposits with intercalated paleosols, mainly exposed in the S part of the island (Scarrupata di Barano Formation in Vezzoli 1988; Ancient Ischia Syntheme in Sbrana and Toccaceli 2011; Phase 1 in Sbrana et al. 2018; l.c . volcanics older than 75 ka of Fig.  1a) . Almost in the same time span, a prevailing effusive activity determined the emplacement of a series of small trachytic and phonolitic lava domes, which are presently exposed at the periphery of the island (Fig. 1a) .
A very intense period of explosive activity followed between 74 and 55 ka. During this period many volcanic vents were active mainly in the S sector of the island, likely producing the highest magnitude eruptions recorded at Ischia. The deposits of at least 10 explosive eruptions, fed by phonolitic to trachytic magmas, were interpreted as the product of variably energetic eruptions, which generated pyroclastic density currents, fallout deposits from sustained eruption columns, block and ash flows from collapsing lava domes, explosion breccias and hydromagmatic dilute and turbulent pyroclastic density currents ; Rifugio di San Nicola Syntheme in Sbrana and Toccaceli 2011; Phase 2 in Sbrana et al. 2018) . The activity of this period culminated with the caldera forming eruptions of the Monte Epomeo Green Tuff (MEGT) between 60 and 50 ka (Brown et al. 2008, and references therein; Sbrana and Toccaceli 2011; Sbrana et al. 2018; Fig. 1a) . This tuff consists mostly of trachytic ignimbrites that partially filled the caldera depression in a submarine environment, and were also emplaced on land outside its margins. The caldera depression was later the site of marine sedimentation, which formed a sequence of clays, tuffites, sandstones and siltstones by the reworking of MEGT and sedimentary supply from the mainland (Sbrana and Toccaceli 2011) . After the MEGT eruptions, volcanism continued with a series of hydromagmatic and magmatic explosive eruptions up to 33 ka. Most of the vents were located along the present SW and NW offshore of the island. Volcanism in this period was fed by latitic and shoshonitic magmas (Brown et al. 2014 ; Phase 3 in Sbrana et al. 2018) , whose injection into the system triggered the asymmetric resurgence of the caldera floor, generating the Monte Epomeo block .
After about 5 ka long period of quiescence, volcanism resumed at about 28 ka. The beginning of this period of Acocella and Funiciello 1999) activity was marked by the eruption of shoshonitic magmas, isotopically distinct from those characterizing the previous eruptions, suggesting the arrival of a new batch of magma into the feeding system of Ischia, followed by its differentiation and mixing with the resident magma (Poli et al. 1987; Civetta et al. 1991; Casalini et al. 2017) . Volcanism continued sporadically until 18 ka (or 13 ka, Phase 4 in Sbrana et al. 2018) , with the emission of shoshonitic to alkali-trachytic magmas that fed effusive and both hydromagmatic and magmatic explosive eruptions, with the emplacement of lava flows and Strombolian fallout deposits, and the construction of small tuff-cones and scoria-cones, exposed along the SE and SW coasts of the island ( Fig. 1b ; Campotese Subsyntheme in Sbrana and Toccaceli 2011) .
The radiometric dating of the outcropping volcanic products suggests that between 18 and 10 ka there was a period of almost complete quiescence (Vezzoli 1988) , whereas other interpretations (Sbrana and Toccaceli 2011; Sbrana et al. 2018) seem to indicate the occurrence of some eruptions in this timespan. In any case, all the authors agree in considering the interval between 18 and 10 ka as a period of quiescence or very reduced volcanic activity (Fig. 1c) .
A period of more sustained activity at Ischia started at about 10 ka, and was fed by mainly trachytic and subordinately latitic magmas. These are characterized by a Sr isotopic ratio lower than those of the previous periods, leading to hypothesize the arrival of a new, geochemically distinct magma into the system. Volcanism was mainly concentrated at around 5.5 ka and after 2.9 ka, with almost all the vents located in the eastern part of the island (Fig. 1a) . Only a few vents are located outside this area, along regional fault systems or along the margins of the resurgent block: these vents generated a multi-vent lava field in the NW corner of the island, a pyroclastic sequence, exposed to the SW, and a lava dome in the N sector of the island. Since 2.9 ka, about 34 effusive and explosive eruptions took place: the effusive eruptions emplaced lava domes and high-aspect ratio lava flows, while the explosive eruptions, both magmatic and phreatomagmatic, generated tuff cones, tuff rings and variably dispersed pyroclastic-fall and -current deposits, which had a very variable impact on both the island's environment and human settlements (de Vita et al. 2010 , and references therein; Sbrana and Toccaceli 2011; de Vita et al. 2013 ; Phases 5 and 6 in Sbrana et al. 2018) .
As volcanism was not continuous since 10 ka, but characterized by the alternation of centuries of quiescence and periods of very intense activity, it has been hypothesized that repeated episodes of magma intrusions occurred intermittently (Tibaldi and Vezzoli 2004; de Vita et al. 2006; Vezzoli et al. 2009; de Vita et al. 2010) , likely accompanied by resurgence (see Subsection Resurgence) and periods of slope instability (see Subsection Geological and historical instability of slopes). Even if, since the last eruption, no evidence of renewal of uplift due to fault reactivation has been recorded in concurrence with more recent minor mass movements (see Subsection Geological and historical instability of slopes), the magmatic system of Ischia has to be considered still active, as testified by intense volcanism in historical times and widespread fumaroles and thermal springs.
Resurgence
Ischia is one of the most evident, better studied and known cases of intracalderic resurgence. With its uplift of the order of about 900-1100 m, very rarely recognized in other volcanic areas, it represents a case quite unique. The resurgent area has a polygonal shape resulting from the reactivation of regional faults and the activation of faults directly related to volcano-tectonism Acocella and Funiciello 1999) . The W sector of the resurgent block is bordered by high-angle, N-S NE-SW and NW-SE trending faults, which were cut by late outward-dipping normal faults due to gravitational readjustment of the slopes. To the east of the resurgent block, vertical or outward-dipping, N-S, NE-SW and NW-SE normal faults, formed a lowland which is connected westward to the resurgent area of Monte Epomeo through a series of differentially displaced blocks (Fig. 1a,d; de Vita et al. 2006 de Vita et al. , 2010 Della Seta et al. 2012) . Toward N-NE the limit of the resurgent area is not well defined, as along the coast beach deposits are exposed, displaced at different height above sea level by E-W and NW-SE trending, vertical faults. Resurgence caused a differential uplift of the bottom of the caldera, through the displacement of variably raised and inclined blocks, with a general tilt around a NE-SW oriented horizontal axis, located in the SE part of the resurgent area. The result is an asymmetrical block structure, with a maximum uplifted block in the NW part of the resurgent area (Fig. 1d,e; Rittmann and Gottini 1980 , Vezzoli 1988 , Acocella and Funiciello 1999 de Vita et al. 2006 de Vita et al. , 2010 Della Seta et al. 2012) .
The intrusion of new magma into the Ischia feeding system has been commonly accepted in the literature as the cause of the uplift that led to the emergence of the Monte Epomeo Green Tuff (MEGT) caldera floor (Rittmann 1930; Rittmann and Gottini 1980; Orsi and Chiesa 1988; Orsi et al. 1991; Luongo et al. 1995; Vezzoli 1997, 1998; Acocella and Funiciello 1999; Molin et al. 2003; Carlino et al. 2006) .
The beginning and duration of the uplift are not well constrained, although the beginning must be older than 33 ka, as rocks of this age, emplaced in a subaerial environment, are deformed by the resurgence process (Fig. 1c) . Geological and volcanological evidence suggests that resurgence was not continuous over time, but took place through intermittent uplifting and tectonic quietness phases (de Vita et al. 2006 (de Vita et al. , 2010 Vezzoli et al. 2009 ). At present, as discussed with more details in Subsection Active ground deformation field, geodetic data show a generalized subsidence of the Monte Epomeo block, at least in the last decades, suggesting that currently the process of resurgence is at rest (de Vita et al. 2006; Manzo et al. 2006; Sepe et al. 2007 ).
Magmatic system
The evolution over time and the possible geometry of the Ischia magmatic system have been reconstructed by numerous authors, based on chemical and isotopic analyses carried out on outcrop rock samples. These reconstructions refer to the last 150 ka of volcanic activity on the island (Rittmann 1930 (Rittmann , 1948 Rittmann and Gottini 1980; Poli et al. 1987; Vezzoli 1988; Crisci et al. 1989; Civetta et al. 1991; Piochi et al. 1999; Sbrana and Toccaceli 2011; D' Antonio et al. 2013; Moretti et al. 2013; Brown et al. 2014 , and references therein).
As mentioned above, the oldest outcropping rocks (150-75 ka) show a generally trachytic composition, with a progressive decrease in the alkali content and the Na 2 O/ K 2 O ratio over time (Sbrana and Toccaceli 2011) and phonolitic composition and higher peralkalinity index for the most explosive eruptions. The volcanism between 75 and 50 ka was characterized by a composite and differentiated magmatic system, filled repeatedly by magmas of deep origin, with distinct isotopic compositions (Brown et al. 2014) . The chemical and isotopic variations show that the pre-MEGT eruptions were fed by trachytic and phonolytic magmas poorly enriched in radiogenic Sr and progressively less radiogenic over time. Immediately before the MEGT eruption, the magmatic reservoir seems to be reloaded by an isotopically distinct magma relatively more enriched in radiogenic Sr, which also fed the eruption of the MEGT (characterized by a phonolytic to trachitic magma accumulated at 4-6 km depth in about 20 ka). After the MEGT eruption, the arrival of a new and less differentiated magma (slightly less enriched in radiogenic Sr) characterized the eruptive activity (Civetta et al. 1991; Brown et al. 2008 Brown et al. , 2014 . The geochemical and isotope variations of Sr and Nd over time reflect the ascent of distinct bodies of magmas at variable degrees of contamination with an ercinic crust at 8-12 km depth.
In the last 50 ka the magma system was characterized by the arrival of new isotopically distinct magmas, with evidence of contamination and mixing. The eruptions of this period show a progressive increase in the magma/ water interaction, which culminates at about 33 ka with the eruptions of the Citara Formation (Rittmann 1930; Rittmann and Gottini 1980; Vezzoli 1988 ; Tufi di Serrara in Sbrana and Toccaceli 2011) , characterized by a trachyte-trachydesitic and basaltic-trachiandesitic composition, compared to the trachytes and phonolites of the previous period .
The period between 28 and 18 ka is marked by a significant compositional variation of the erupted magmas, varying through time from shoshonite to alkali trachyte with an increase of the incompatible elements content and of the Sr isotopic ratio, behaviour compatible with a model that implies the arrival of new basic magma into the volcanic system, and progressive differentiation and mixing with the resident alkali-trachytic magma (Civetta et al. 1991) .
The beginning of the last period of activity (10 ka BP -1302 AD) is marked by a dramatic decrease in the value of the Sr isotopic ratio interpreted as reflecting the arrival of a geochemically distinct magma into the system. Mostly trachytic and subordinately latitic magmas were erupted during that period. Chemical and isotopic variations of all the rocks and isotopic and mineralogical disequilibria of the less evolved rocks are evidence of mixing processes among magmas of different composition either in a deepest part of the magmatic system or during the ascent of the melts . The available geological and petrological data (Civetta et al. 1991; Orsi et al. 1996; Piochi et al. 1999) suggest that the magmatic system of Ischia is presently composed of a deep and poorly-evolved magma reservoir, where mantle-derived magmas stagnate and differentiate, interconnected with shallower, smaller and more-evolved magma batches. During their ascent, magmas mixed and mingled, producing the wide range of observed isotopically distinct products .
Several authors (D' Antonio et al. 2013; Moretti et al. 2013) agree to identify, on the basis of studies carried out on the most mafic products of the last 10 ka, a process of generation of magmas largely dominated by gas -fluxing of CO 2 in a mantle modified by the effect of crustal assimilation, highlighted in the erupted products by the values of the δ 18 O (typically form mantle) and of the Sr isotopic ratio, which progressively increases towards typically crustal values. Recently, Casalini et al. (2017) show how anomalous Sr isotopic ratios of some samples of all periods of activity are not only compatible with crustal assimilation, but also require long periods of residence in magma chambers with times ranging from a few tens to hundreds or even thousands of years, at relatively low temperatures (approx. 750°C), as assessed on the basis of the contents in Rb and Sr. In particular, the residence times of the estimated magmas are very variable: from about 34 ka (for pre-147 ka) to 27 ka (for magma erupted at 38 ka) to 4.2 ka (for magma erupted at 5.6 ka).
Geological and historical instability of slopes
Along with the volcanic activity discussed in the previous subsections, slope instability also played an important role in shaping the present structure of Ischia.
Over the last 10 ka Ischia has experienced intense slope dynamics concentrated mainly along the slopes of the resurgent block of Monte Epomeo and along the coast. At least in the past 5.5 ka, minor landslides, but also large lahars and rock-and debris-avalanches were generated in four main phases, dated between 5.5 and 2.9 ka, around 2.9 ka, between 2.6 and 2.3 ka, and between 2.3 and 1.9 ka (de Vita et al. 2006) . Gravitational movement preceded and followed the emplacement of volcanic rocks (Tibaldi and Vezzoli 2004; de Vita et al. 2006) , mainly in the E and S sectors of the island, testifying that slope instability conditions were induced by reactivation of vertical movements, which were also responsible for the generation of faults and fractures that fed volcanism (Della Seta et al. 2012) . Furthermore, other landslide deposits contain remnants of artefacts of ancient human settlements, since the island was inhabited by communities as early as the thirteenth century BC (Buchner 1943 (Buchner , 1986 Buchner et al. 1996; Di Martire et al. 2012 , and references therein).
Landslide phenomena responsible for deformation of rock masses and/or mobilization of material along the slopes have been grouped in two categories, mainly based on the volumes involved and, secondly, on the mechanism and type of activity (intermittent or continuous):
1. Large Rock and Debris Landslides, including two distinct mechanisms: a) collapse (rock avalanche) of entire portions of slopes already involved in continuous slow deformations of rock masses and b) mobilization of slope portions by sliding or debris avalanches. Rock mass deformation (a) develops over a long-time scale (in the order of 10 4 -10 5 years) as a result of Mass Rock Creep (MRC; Chigira 1992) and the occurrence of external forcing (earthquakes, eruptions, explosions) may only accelerate the occurrence of the failure event generating a rock avalanche. The second (b) is related only to impulsive triggers that cause the static equilibrium conditions to be overcome by the unstable masses involved. The geological evidence does not always allow a unique attribution of large rock landslides to rock avalanches (a) or debris avalanches (b) (Sbrana and Toccaceli 2011; Della Seta et al. 2012; Scott et al. 2002; McGuire 1996; Vallance and Scott 1997; Lavigne et al. 2000) . 2. Impulsive shallow landslides, including: rock failures, roto/translational slides and earth/debris flows, with intermittent activity. The possible triggers can be: a) geophysical events (eruptive events, phreatic explosions, and earthquakes); b) meteorological events (rainfalls and sea storms). In this category can also be included the primary or secondary volcanoclastic debris flows (or lahars) triggered either by very long-lasting rains or by brief but very intense rainfalls.
The temporal distribution of landslides recorded in Ischia, in relation to their typology and trigger, shows how both the debris and rock avalanches are documented only before the II-III century BC (Fig. 2a) .
Rock avalanches (category 1a) cover almost entirely the N and W emerged sectors of the island (Della Seta et al. 2012) (Fig. 2a) .
The Ischia Debris Avalanche (IDA) is the largest event of category 1b documented for Ischia Chiocci and de Alteriis 2006; de Alteriis and Violante 2009) , covering an area of 250-300 km 2 , extending from the foot of the submarine escarpment (− 550 m) to − 1100 m, with a runout of 50 km). Vezzoli (1998, 2004) associated this event to the recurrent collapse of the S flank of Monte Epomeo, due to phases of acceleration of the calderic resurgence (uplift rates up to 3 cm/yr). However, the volume, timing and dynamics of emplacement of IDA (single event or multi-event) are still uncertain, with different interpretations provided by the different authors (Tibaldi and Vezzoli 2004; Chiocci and de Alteriis 2006; Tinti et al. 2011) .
Geological and historical evidence of impulsive shallow landslides (category 2) are reported by Di Martire et al. (2012) , who collected the historical record, consisting in 288 individual landslide events, of which 23 occurred between the fourth century BC and 1924 and 255 between 1970 , with a temporal registration gap between 1924 and 1970 (Del Prete and Mele 2006 . The most recurrent typologies are represented by rock falls/topples, slides, flows and complex landslides (Fig. 2b) (Catenacci 1992; Del Prete and Mele 1999) .
Some events were chronologically constrained by stratigraphic relations with other landslide and/or pyroclastic deposits (de Vita et al. 2006) , while others were associated with the earthquakes of 1228 , 1797 , 1828 , 1881 , 1883 (Della Seta et al. 2012 , and references therein). The Italian Catalogue of Earthquake-Induced Ground Failures in Italy (CEDIT -Italian Catalogue of Earthquake-Induced Ground Failures 2017; Martino et al. 2014 ) reports 8 effects triggered by local earthquakes in the 1828 and 1883 (Mw 4.01 and 4.26, respectively, in Catalogo Parametrico dei Terremoti Italiani 2015 -CPTI15, Rovida et al. 2016) . Finally, 9 landslides consisting of rock falls and shallow earth slides have been surveyed (GdL_DST-CentroMS 2018) as triggered by the earthquake occurred on 21st August 2017, Mw3.9 (Gruppo di Lavoro INGV sul terremoto dell'isola di Ischia 2017), with epicentre close to Casamicciola and are inventoried in the CEDIT.
Present state of the volcanic system of Ischia
The structural setting of Ischia has been the object of several geophysical surveys in recent years (Berrino et al. 1998 (Berrino et al. , 2008 Capuano et al. 2015; Paoletti et al. 2009 Paoletti et al. , 2013 Nunziata and Rapolla 1987; Rapolla et al. 1989; Di Giuseppe et al. 2017) . Moreover, the island is monitored by the Italy National Institute of Geophysics and Volcanology (INGV) through a dedicated geophysical and geochemical surveillance system. Present structural setting of the island from geophysical surveys Seismic tomography and gravity data inversion contributed to the Ischia caldera rim definition (Fig. 3a) and allowed detection of a high velocity and density area inside the caldera, consistent with Monte Epomeo resurgent block geometry ( Fig. 3b ; Capuano et al. 2015) . These results fit well with the analysis and interpretation of magnetic and self-potential data (Fig. 3c,d ), which show that the island central-W sector, corresponding approximately to Monte Epomeo, is characterized by a minimum in the magnetization values and a maximum in the positive electric charge occurrence (Paoletti et al. 2009 (Paoletti et al. , 2013 . This outcome suggests the presence of an igneous-very likely trachytic-structure, whose top is located at 1200-1750 m b.s.l., which seems to be demagnetized in its central portion, very likely in connection with the high geothermal gradient measured in the central-W sector of the island (Paoletti et al. 2009 ).
In order to reach a better definition of volcanotectonic processes affecting the caldera of Ischia, a magnetotelluric survey was carried out in 2016 along two main profiles (deployed in a N-S and a WSW-ENE direction, respectively) through the central-W sector, obtaining an electrical resistivity map to a depth of 3 km (Di Giuseppe et al. 2017 ). The resistivity cross sections (Fig. 3e,f ) identify the presence of a very shallow magmatic intrusion at a depth of about 1 km, which is probably connected to both the resurgence and volcanic activity. Furthermore, the tectonic structures bordering the resurgent block and the occurrence of a large thermal anomaly in the W sector of the caldera also creates an anomaly in the resistivity cross sections (Di Giuseppe et al. 2017) .
Active ground deformation field
The INGV-OV manages a ground deformation monitoring system of the Ischia Island (Fig. 4a) with the integration of continuous (cGPS and tiltmetric networks) and episodic (Levelling, GPS and gravimetric networks) measurements (Sepe et al. 2007; Del Gaudio et al. 2011; De Martino et al. 2011) . Furthermore, several studies based on the DInSAR measurements are available (Manzo et al. 2006; Vilardo et al. 2009; Castaldo et al. 2017) .
All the measurements at Ischia Island in the last 30 years (levelling since 1987, GPS since 1998 and SAR since 1992) show a general vertical subsidence with velocities between 1 and 5 mm/yr. (Fig. 4e, f ) , with higher values (up to about 1 cm/yr) in the S and central-W sectors (Del Gaudio et al. 2011; De Martino et al. 2011; Manzo et al. 2006; Castaldo et al. 2017) . This is also confirmed by the EPOM GPS station, located on top of the Monte Epomeo, which shows a vertical subsidence velocity of about − 9 mm/year in the period (De Martino et al. 2011 . Two main zones, located in the NW and Monte Epomeo sectors (Fig. 4c,d ), are characterised by maximum values of subsidence velocity of about 1 cm/yr. (Fig. 4g ,h,i). The continuous tiltmetric borehole network of Ischia island (Ricco et al. 2018) shows a predominant NNW tilting direction in 2015-2017 time span (Fig. 4b) , which is consistent with the general subsidence trend of the island (Ricco et al. 2017) .
The GPS and DInSAR measurements highlight a complex horizontal displacement field with a different trend in the eastern sector of the island with respect to the central-west one ( Fig. 4c,d ; De Martino et al. 2011; Manzo et al. 2006; Castaldo et al. 2017) .
Ischia ground deformation pattern cannot be explained by a typical volcanic source (e.g., a Mogi model). Some authors attributed the subsidence detected by levelling measurements (Fig. 4h ,i) to crack closure processes along two main ENE-WSW and E-W preexisting faults, which represent the preferred CO 2 degassing pathway of the hydrothermal system beneath Monte Epomeo (Sepe et al. 2007 ). More recently, Castaldo et al. (2017) developed a model of Ischia DInSAR measurements for the period 1992-2010 explained by the coupling effects of crust rheology and the gravitational loading of the volcano.
Historical and instrumental seismicity
Historical seismicity of the island has been studied by several authors (Luongo et al. 1987 Cubellis and Luongo 1998; Cubellis et al. 2004; Luongo et al. 2006; Cubellis and Marturano 2009; Carlino et al. 2010; Rovida et al. 2016; Luongo and Cubellis 2018) . Macroseismic observations show that historical earthquakes are mainly located in the NW sector of the island (Fig. 5a ), characterized by shallow hypocentral depths (1-2 km), high intensities rapidly decreasing with distance and local amplification of damage (Carlino et al. 2010) . In particular the catastrophic event of 1883 (Imax = XI degree MCS) impacted and damaged an area of about 3 km 2 in the N sector of the island, with an inferred magnitude between 4.3 and 5.2 . A subvertical fault (about 2 km length) with E-W or ENE-WSW strike was proposed as the source of the 1883 earthquake Carlino et al. 2010) .
After the 1883 event, a time period is characterized by a lack of major events. Since the installation of a modern seismic network by INGV-OV, only few low magnitude (Md ≤ 2.3) seismic events have been recorded. These events were mainly located in the N sector of the island and at shallow depths (0-2 km), in the same area affected by the historical seismicity ( Fig. 5a ; D'Auria et al. 2018). The strongest seismic event instrumentally recorded occurred on 21st August 2017 (Mw 3.9 -Md 4.0, Gruppo di Lavoro INGV sul terremoto dell'isola di Ischia 2017) and was followed by a seismic sequence of almost 20 recorded earthquakes, with significantly lower magnitude (Fig. 5a ). The damage level and its distribution (Gruppo di Lavoro INGV sul terremoto dell'isola di Ischia 2017; Azzaro et al. 2017 ) agree with the historical observations of low magnitude-high intensity events (Carlino et al. 2010) . The most relevant damages affected a narrow area of Casamicciola Terme (Azzaro et al. 2017 ) that shows different fractures on both ground, infrastructure, on roads, and on terrain. Widespread sliding phenomena of drywalls were also observed, as well as modest gravitational phenomena and small landslides in volcanoclastic deposits (see Subsection Geological and historical instability of slopes). The observed coseismic effects cover a total length of about 2 km between the Fango (Lacco Ameno), to the West, and Bagni (Casamicciola), to the East, for a total area of 2.5 km 2 . The fracture directions range from WNW-ESE to E-W and WSW-ENE with lengths up to some tens of meters (Nappi et al. 2018) .
Ground displacements caused by the earthquake were detected using DInSAR, GPS and tilt measurements. Following the main seismic event, two stations of the Ischia cGPS network showed a coseismic deformation (Fig. 5b) . The cGPS station on Monte Epomeo (MEPO) shows a displacement of about 1.5 cm in NNW direction and the cGPS station of Casamicciola Terme (OSCM) moved about 1 cm toward NNE. Only at MEPO station a slight subsidence of about 1 cm is observed (De Novellis et al. 2018; Devoti et al. 2018) . The DInSAR measurements show a localized (1 km 2 ) subsidence up to 4 cm in an area S of Casamicciola Terme (Fig. 5c ). The shape of the displacement pattern shows an E-W alignment, which is in good agreement with aftershocks epicentres distribution in Fig. 5c (De Novellis et al. 2018) . Also two tiltmetric stations recorded a coseismic tilt ( Fig. 5d ; Ricco et al. 2017) .
With a multiparametric approach (seismic, GPS and DInSAR measurements), the seismogenetic source can be described as an E-W striking, S-dipping normal fault, with its centre located at a depth of 800 m, consistent with the rheology of the crustal local structure (De Novellis et al. 2018 ). Very recently, Braun et al. (2018) and Calderoni et al. (2019) proposed more complex rupture processes, with a normal faulting displacement accompanied by underground phenomena, also potentially connected to the hydrothermal system.
Present geothermal system
The presence of a hydrothermal system characterized by energetic circulation underneath Ischia is demonstrated by the numerous surface manifestations, including fumaroles, thermal waters, steaming grounds and mud pools (Fig. 6a) .
Approximately one hundred exploration wells were drilled in 1939-1954, in the W and S sectors of the island, by the SAFEN (Società Anonima Forze Endogene Napoletane). Data produced during this exploration (Ippolito 1942; Penta 1949 Penta , 1954 Penta and Conforto 1951) provide the only direct observation of the subsurface hydrothermal setting. Apart from drillings, the chemical and isotopic features of Ischia groundwaters and fumaroles have contributed to the understanding of the current hydrothermal setting of the volcano also providing information on the otherwise inaccessible present-day deep magmatic system, which is likely to act as a source of fluids feeding the hydrothermal system.
The isotopic signatures of He and in CO 2 , in both fumaroles and dissolved gases in groundwaters, suggest that the Ischia hydrothermal system is fed by a CO 2 -rich gas phase of deep, possibly magmatic origin (Tedesco 1996; Di Napoli et al. 2009 ). This deep gas component has isotopic composition similar to that of the fluids discharged at the nearby Campi Flegrei and Vesuvius volcanic systems, even if is typically characterized by lower crustal fluids contamination and higher mantle affinity than the others Campanian volcanoes.
The chemistry of Ischia groundwaters has been investigated during the last 30 years by several authors (De Gennaro et al. 1984; Panichi et al. 1992; Caliro et al. 1999; Inguaggiato et al. 2000; Aiuppa et al. 2006; Di Napoli et al. 2009 , 2013 . According to these studies, both cold (~15°C) and very hot (~90°C) waters coexist at Ischia (Fig. 6a ). The waters with higher discharge temperatures mostly circulate in the N and SW sectors of the island, while the water discharged in the eastern sector show lower temperature (< 50°C).
The cold groundwaters emerging as springs along the flanks of Monte Epomeo are typically of calciumbicarbonate nature (Fig. 6b) ; they are characterized by low salinities (Total Dissolved Solid -TDS < 1000 mg/l), and low Cl (< 1000 mg/l) and Mg (< 20 mg/l) contents. The isotopic data (δ 18 O H2O from − 6 to − 7‰; De Gennaro et al. 1984; Panichi et al. 1992; Caliro et al. 1999; Inguaggiato et al. 2000; Di Napoli et al. 2009 suggest that these diluted cold samples are representative of infiltrating meteoric waters (meteoric-derived groundwaters in Fig. 6b ). Furthermore, cold groundwaters also discharge along the sea-shores of Ischia (Fig. 6a ), but display distinct alkali-chloride chemical composition. In view of their high TDS (~39,000 mg/l), chlorine (~21, 000 mg/l) and Mg (~1,400 mg/l) concentrations, and0 ‰ (referred to the SMOW, Vienna Standard Mean Ocean Waters) isotopic signature for both δ 18 O and δD, these water samples (seawater-derived groundwaters in Fig. 6b ) reflect extensive seawater intrusion into the Ischia shallow aquifers (De Gennaro et al. 1984; Panichi et al. 1992; Caliro et al. 1999; Inguaggiato et al. 2000; Aiuppa et al. 2006; Di Napoli et al. 2009 , 2013 .
Thermal waters show variable physicochemical compositions from low salinity (1,000 < TDS < 4,000 mg/l) Ca-HCO 3 -compositions to high TDS (up to 39,000 mg/l) Na-K-Cl-compositions, which in general can be ascribed to mixing between meteoric water and seawater modified by the high temperature water-rock interaction occurring during hydrothermal circulation (Panichi et al. 1992; Caliro et al. 1999; Inguaggiato et al. 2000; Aiuppa et al. 2006; Di Napoli et al. 2009 , 2013 , supported by the heavy depletion in Mg and the enrichment in alkalis with respect to the meteoric-seawater mixing line. The thermal regime of the deep hydrothermal reservoirs has been investigated by a number of authors (Panichi et Piper, 1953) ; c Geothermometric Na-K-Mg diagram from Giggenbach (1988) . Solid curves represent the attainment of full and partially equilibrium conditions; d diagram of log(H2O/H2) + log (CO/CO2) vs. 3log(CO/CO2) + log (CO/CH4). In the diagram are shown: the theoretical values of both variables in a single saturated vapor phase (vapor line) and in a single saturated liquid phase (liquid line); the vapors generated by boiling of a liquid at fixed original temperature To and different separation temperatures Ts (SSVS lines); the vapors generated by boiling of a liquid at different original temperatures To and at fixed separation temperature Ts (100°C and 200°C Ts lines); the analytical gas ratios for Ischia (Donna Rachele) fumaroles are from Tedesco (1996) , Chiodini et al. (2004) an unpublished data from INGV al. 1992; Inguaggiato et al. 2000; Di Napoli et al. 2009 ) by using Na/K and K/Mg solute geothermometers (Giggenbach 1988) . In Fig. 6c , cold Mg-rich immature waters plot far from water-rock equilibrium conditions; these fluids have therefore compositions indicative of shallow groundwater conditions. In contrast, warm and hot thermal waters, overall describe a trend of progressive Mgdepletion that is typical of mature fluids (Giggenbach 1988) , having attained partial to full equilibrium conditions with reservoir rocks at temperatures of 150-180°C for the groundwaters of S and W sectors and 220-280°C for thermal waters of the N sector (Panichi et al. 1992; Inguaggiato et al. 2000; Di Napoli et al. 2009 ).
Fumaroles and gas emissions are also numerous at Ischia (Fig. 6a) and their chemical and isotopic properties have been studied in the last few decades by several authors (Panichi et al. 1992; Tedesco 1996; Inguaggiato et al. 2000; Chiodini et al. 2004 ). Gas equilibria have been applied to Donna Rachele fumaroles (Fig. 6d) , located in the NW slope of Monte Epomeo and for which the most complete chemical and isotopic dataset is available (Tedesco 1996; Chiodini et al. 2004, INGV unpublished data) . According to the approach proposed by Chiodini and Marini (1998) , Donna Rachele fumaroles have been classified by using the relative proportions of CO 2 , CO, CH 4 , H 2 and H 2 O (expressed as sums of log-ratios log (H 2 O/H 2 ) + log (CO/CO 2 ) and 3log (CO/CO 2 ) + log (CO/CH 4 ), that are controlled by two independent variables (i.e., temperature and either water fugacity or the fraction of separated vapour, Fig. 6d ) and which are independent from redox potential (Chiodini et al. 2004 ). In Fig. 6d , most of the samples form two clusters: group A plots near the composition of the liquid phase, close to an original temperature To of~300°C, and to a boiling temperature Ts of 100-200°C; group B plots at lower temperature To~250 and Ts > 200°C (Chiodini et al. 2004) . It is worth noting that end-member A composition is close to that of the theoretical liquid phase, suggesting that, at depth, the vapour phase represents a large fraction of the bi-phase system due to a very energetic boiling of the hydrothermal liquid. Theoretically, the pure liquid composition is reached by the vapour phase only when a complete vaporization of the liquid occurs (Chiodini et al. 2004) .
Overall, the geochemical investigations have led to general consensus for the existence at Ischia of two distinct geothermal reservoirs, at temperatures of 150-180°C (Panichi et al. 1992; Di Napoli et al. 2009 ) and 220-280°C, respectively (Panichi et al. 1992; Inguaggiato et al. 2000; Di Napoli et al. 2009 ). The former, shallower (150-300 m of depth) and colder, is thought to be recharged by either meteoric (to the south; hydrothermal end-member B) or marine (to the west; hydrothermal end-member C) fluids. The hotter (220-280°C) and deeper (~1,000 m) reservoir would instead reflect a mainly recharge by meteoric water (hydrothermal endmember A; Di Napoli et al. 2009 ). Energetic boiling of this high temperature aquifer would be the source of the Donna Rachele fumaroles (Chiodini et al. 2004) , for which, similar high temperatures have been suggested by gas equilibria. It is worth noting that the stable isotopes of the fumarolic steam condensates leave little or no doubt about a mainly meteoric origin for the water involved in the deep hydrothermal system.
Since 2003, the geochemical monitoring of thermal water and fumarolic gases is carried out by the INGV. Observations of the data acquired in the last ten years in the framework of the geochemical monitoring have not revealed any significant variations in the chemical and isotopic composition of water and gas, neither related to the earthquake of 21st August nor clearly attributable to a massive input of magmatic fluids in the hydrothermal system (INGV-ScientRep-IISem 2017).
Reference period, states of the volcano and their characterization
The definition of the present state of Ischia volcano should be grounded in the analysis of its past and present eruptive behaviour. As we mentioned above, the last 10 ka of volcanic activity can be differentiated with respect to the previous period based on the following distinct characteristics:
The total number of recorded eruptions in the last 10 ka is significantly larger (47) than the previous period. For example, in the preceding 8 ka, there are only 2 known eruptions (but with uncertain age attribution); while it is possible that some of the older eruption deposits may have been covered, we believe that the preservation of the deposits and amount of available outcrops warrant an objective increase of the eruption rates starting at 10 ka (de Vita et al. 2010 ). The magma chemistry shows a change with respect to the preceding periods, with a change of isotopic signatures (Civetta et al. 1991; Casalini et al. 2017) . The record of Holocene large landslides and debris avalanches from Monte Epomeo and the localization of the eruptive centres at the border of the resurgent block, suggest that the process of resurgence, although not well constrained in absolute values, was contemporaneous with volcanic activity (e.g., Tibaldi and Vezzoli 2004; de Vita et al. 2006; Della Seta et al. 2012 ).
Based on the above considerations, we believe that the last 10 ka of volcanic activity can be taken as the reference for the current state of the volcano and its associated hazards, at least for the analysis of ordinary mean annual frequencies (> 10 − 4 -10 − 5 /year; e.g., Connor 2011). Noteworthy, for most of the hazards (e.g., most of the ones not connected to eruptions) this implies that all known events should be considered, given that observations older than 10 ka are rare.
Quiescence
At present Ischia is quiescent. As discussed in Subsections Present state of the volcanic system of Ischia, this state is mainly characterized by hydrothermal activity and a slow subsidence. The current ground deformation monitoring data indicate a generalized subsidence at a rate of 3-10 mm/year. Seismicity is characterized by very low rates (< 10 events per year with M > 1.0), with sporadic intermediate-energy and very shallow (< 2 km) earthquakes causing locally strong accelerations. However, both the occurrence of seismicity and the high enthalpy of the geothermal system suggest that the system is metastable.
Unrest
The absence of information about potential past unrest episodes does not allow any characterization of the potential state of unrest. Therefore, we cannot define a scenario for the expected changes of monitoring parameters from the present state to a state of volcanic unrest, unless considering worldwide analogs (e.g., based on existing databases like Venezky and Newhall 2007) . Here, it is important to underline that some of the common expected signs of minor unrest, such as ground uplift, seismicity and geochemical variations of fluids, may occur during both a magmatic volcanic unrest and an unrest of the geothermal system (i.e. with no movement of magma toward the surface; see Newhall and Hoblitt 2002) . This is a matter of large debates, for example at Campi Flegrei caldera (see, e.g., Selva et al. 2012a; D' Auria et al. 2015 ; and reference therein). However, in both cases, a series of hazardous phenomena may occur, as specifically discussed in Section STEP 2: the natural hazards of Ischia.
Eruption
The eruption state can be characterized by analysing the available information on the eruptions within the reference period. In the last 10 ka, volcanism has developed mostly in the eastern sector of the caldera floor as a monogenetic field with scattered (though rather close to each other) vents and relatively similar erupted volumes for each eruption roughly 10 − 2 -10 − 1 km 3 . The Holocene eruptions at Ischia have not yet been further quantified in terms of magnitude and intensity, so, in the absence of more details, we classify the eruptions in two main and simple categories: effusive and explosive. Inside these simple categories, we further define: i) lava domes, ii) lava flows for the effusive, and iii) magmatic, iv) phreatomagmatic, and v) mixed for the explosive eruptions.
In Table 1 we report the catalogue of known eruptions and eruption phases, categorizing each event into the 5 classes defined above. For each class, we identified the events that, at the present state of knowledge, seem to define the variability range in each class, highlighting in green and red the smallest and largest event, respectively. In Fig. 7 , we summarize the information of Table 1 by reporting the total number of eruptions subdivided in categories and the observed frequencies in the past for 2 periods (last 10 ka and last 3 ka), thanks to the availability of rather precise age determinations for a significant number of those eruptions. The shorter time interval (of 3 ka) is selected since, within the reference period of 10 ka, we observe a further notable change in average eruption rate that occurred at around 3 ka, after which we can count 34 eruptions until the last occurred in 1302 AD.
From Fig. 7a , we can see that the mean annual frequency of eruption (of any type) in the last 10 ka is 4.7 × 10 − 3 /year that is about 1 every 500 years in average. In the last 3 ka the mean annual frequency is significantly higher, reaching 1.1 × 10 − 2 year, i.e. about 1 every 100 years. This increase does not seem to be caused by a more complete record in recent times, but rather by a real change in the annual rate.
From the relative frequency of the different typologies, reported in Fig. 7b , we also notice that eruptions are subdivided almost equally between the various eruption styles, making them probabilistically indistinguishable.
The outcome of this analysis is that Ischia is indeed an active volcano with a significant eruption frequency during the Holocene, and we have no reason to consider the present state within a different framework. However, we also note that the rather high frequency of eruptions during the last 3 ka (on average, one every 100 years) does not match the quiescence period that has existed since the last eruption occurred in 1302 AD; indeed the time from this eruption represents by far the longest inter-event time. Assuming a Poisson process with the observed mean annual rate, the probability to have no eruptions in more than 700 years is very low (< 0.001). This very low probability may indicate that a homogenous Poisson is not sufficient to describe the temporal distribution of eruptions at Ischia (Zaccarelli et al. 2018) , and the Arso eruption may have ended a longlasting cluster of eruptions (a period of higher activity lasting on the order of centuries, as found for the near Campi Flegrei by Bevilacqua et al. 2016) . This seems in agreement with the general subsidence trend characterizing the last tens of years (Subsection Active ground deformation field). However, the period of available Table 1 Catalogue of known stratigraphic units, categorizing each event into the 5 eruption typologies defined in Subsection Present state of the volcanic system of Ischia of STEP 1. The colour codes identify with red/green the deposits corresponding to the largest/smallest event for each typology monitoring is not long enough to identify any fluctuations in the process of resurgence, hence whether the current deflation of the system represents a change with respect to what is inferred (on average) for the last 10 ka or just a natural variation of an ongoing process.
STEP 2: the natural hazards of Ischia
In this section we present a review of hazard studies at Ischia from a multi-hazard perspective, adopting for all the phenomena homogenous criteria. Eruptive and non-eruptive phenomena are discussed in the following Subsections Hazards related to eruptive activities and Non-eruptive hazards, respectively. The main results are systematically reported in Table 2 . Spatial homogenization is based on adopting 5 reference areas: Monte Epomeo, N, E, S, and W sectors. Probabilistic information is instead homogenised by referring to a common verbal scale (i.e. a scale expressed through words, e.g., IPCC -Intergovernmental Panel on Climate Change 2013; ACS-CCS (American Chemical Society -Committee on Chemical Safety) 2015) in 6 levels: certain (probability = 1); almost certain / very frequent (0.9 ≤ probability < 1); likely / frequent (0.5 ≤ probability < 0.9); possible (0.1 ≤ probability < 0.5); rare (0.01 ≤ probability < 0.1); very rare (probability < 0.01).
Hazards related to eruptive activities Opening of new vents
Vent opening is not only the starting phenomenon of an eruption, but it represents a hazardous phenomenon itself. Vents may have various geometries (from circular to fissures) and can migrate during eruptions.
The spatial distribution of the past eruptive centres (Fig. 8a) shows that the areas that most experienced opening of new vents in the past, were the E and NW sectors of the island. The E sector is dominated by the most recent eruptions (2.9 ka -1302 AD), whereas the oldest eruptions (10-2.9 ka) are mainly concentrated in the NW sector.
For Ischia, so far, the probability of a new vent opening has been studied through two different approaches, both aimed at assigning the probability of vent opening on a spatial grid of 500 m × 500 m, which covers the entire territory of the island. Both approaches, mainly based on < 10 ka data, calculate the probability combining and/or weighting the spatial distribution of some geological, geochemical, and geophysical indicators.
The first approach is more qualitative and was proposed by Alberico et al. (2008) and Sbrana and Toccaceli (2011) . In detail, Alberico et al. (2008) uses 8 indicators (the position of past vents in the last 150 ka, faults, fractures, gas and hydrothermal source, radon emission, Bouguer anomaly, and earthquakes epicentres) evaluated on the area coincident with the subaerial surface of the island, whereas Sbrana and Toccaceli (2011) consider only 4 indicators (the position of past vents, faults, gas emissions, and earthquakes epicentres) evaluated on a greater area that involves also the off-shore.
The second approach (Zaccarelli et al. 2018 ) is more quantitative and follows a method similar to Selva et al. (2012b) , combining 3 indicators (caldera extension, Fig. 8 a Distribution of the eruptive vents in the last 10 ka classified for typology (effusive and explosive activity): each eruptive activity is labelled with a number corresponding to the name reported in the legend; shaded in grey we report the areas covered by lavas from effusive eruptions; b vents opening probability according to Alberico et al. (2008) ; c vents opening probability according to Sbrana and Toccaceli (2011) faults, and intersection between faults), each one having a different weight in the prior, using a Bayesian inference scheme for simultaneously account for past vents (last 10 ka) and estimating the epistemic uncertainty.
The map of Alberico et al. (2008) indicates that the zones with highest probability are the west and east flanks of Monte Epomeo, the Monte Vico and the area of Monte Vezzi (Fig. 8b) . The map of Sbrana and Toccaceli (2011) shows that the entire island, except the central part of Monte Epomeo, can be affected by the opening of new vents (Fig. 8c) . The results of Zaccarelli et al. (2018) indicate that new eruptions may affect mainly the area inside the caldera, in particular the E and NW sectors of Monte Epomeo. From the comparison of all these maps, we can see that the E and NE sector of Monte Epomeo are the areas characterized by a high probability of vent opening for a future eruption (where most of eruptions of the last 10 ka occurred), with the N sector representing the second more probable area, whereas the W and S sectors appear to have a moderate/low probability and, finally, the Central sector -Monte Epomeo, has an almost negligible probability. In the offshore areas, the probability of vents opening was studied without specific details, but all the approaches assign to this area a very low probability.
The opening of new vents is associated with all eruptions and, in all the analyses considered above, there is no distinction based on the typology of the eruptions.
In a multi-hazard perspective, vent opening may cause earthquakes, ground deformation, landslides, and tsunamis. The latter could be generated by submarine explosions or as consequence of landslides, lateral blasts, or pyroclastic flows entering in the sea.
The main critical point concerns the reliability and (spatial and temporal) completeness of the eruption catalogue used to assess the probabilities. In addition, the results of all the available methods strongly depend on the selection of the structural parameters adopted to track the potential for vent opening. This selection is rather subjective, and the available studies do not consider any formal procedure to deal with this subjectivity and/ or to estimate the impact of different choices.
Volcano generated missiles
On Ischia, bombs and ballistic blocks were found typically at distances of several hundreds of metres from the eruptive vents, whereas ballistic fragments were found in scoria cones formed during the strombolian activity and also associated to pyroclastic current deposits generated by phreatomagmatic eruptions (de Vita et al. 2010) .
Bombs and ballistic blocks can be associated with a large variety of eruptions, but they are always produced during explosive eruptions, although they could also be produced during effusive activity. They are generated also when phreatic eruptions occur (unrest phase), as well as in secondary vents during lava and pyroclastic flows.
Hazard quantifications for bombs and ballistic blocks are not available for Ischia. In terms of cascading hazard, the high temperatures of bombs and blocks may cause fires on vegetation and buildings close to the eruptive vent.
The main critical points in the present-state knowledge of this hazard concerns the absence of quantitative probabilistic studies for this type of eruptive hazard and the definition of scenarios for assessing the impact of this phenomenon. Even for a simple approach, which assumes a screening distance (IAEA -International Atomic Energy Agency 2012), the main uncertainty is related to that characterizing the opening of new vents.
Tephra fallout
The main tephra fallout deposits of Ischia volcano were emplaced during the Upper Pleistocene, i.e., outside the reference period. In this period, large eruptions such as the MEGT and the Upper Monte Sant' Angelo (55-56 ka BP) eruptions (Albert et al. 2012; Brown et al. 2008 , and references therein) covered most of the central Mediterranean area and represent the most important and widespread markers. During the Holocene (i.e., the reference period), there were no explosive eruptions with regional impacts. This is confirmed by the fact that only a very few ash deposits have been found in the stratigraphy of the central Mediterranean Sea (Albert et al. 2012; Morabito et al. 2014; Sulpizio et al. 2014) . For the Holocene, no more than three ash deposits were found as microtephra within the stratigraphy of Lago Grande di Monticchio (ca. 150 km Est from Ischia; Wulf et al. 2008) . All the other deposits are limited to the island, and are mainly concentrated in the east sector, close to their origin and with a prevalent SE dispersion. The most significant recent explosive eruption is the Cretaio eruption (Fig. 9a) that occurred in the I century AD (Orsi et al. 1996 ). An ash marine layer of about 1 cm of micropumices, showing a chemical affinity to Ischia and age consistent with the Cretaio tephra, was found in the CET1 marine core (Morabito et al. 2014) , at about 100 km south of Ischia.
In the last 10 ka, the more frequent eruptions were low intensity explosions (strombolian, violentstrombolian, phreatomagmatic) generating pumice cones and tuff rings/cones (de Vita et al. 2010 ). The only study on the spatial dispersion of tephra deposits generated in the last 10 ka is the work by de Vita et al. (2010; Fig. 9b) .
Probabilistic quantifications of the tephra fallout are not available. Within a multi-hazard context, tephra fallout is often accompanied by partial collapses of the plume (and consequent pyroclastic flows) or base surges and, in proximal areas, by ballistics, as well as by potential atmosphere phenomena. At the end of the explosive episode, the eruption may evolve to effusive lava flows. Tephra deposits may provide material for lahars, and may be transported by the wind even for hundreds of kilometres (Folch et al. 2014) .
The main critical point here is that there have been limited accurate studies aimed at assessing magnitude, intensity, and bulk granulometry of the past explosive eruptions. This precludes probabilistic studies of tephra dispersion based on different eruptive scenarios and statistical analyses of winds and defining the areas affected by possible remobilization of tephra deposits, which can generate lahars during heavy rainfall events.
Atmosphere phenomena
During explosive volcanic eruptions, including phreatic explosions, air pressure waves, powerful enough to break windows at distances of several kilometres, can be generated. Violent weather phenomena can locally accompany the development of the eruptive plume, due to ash particles and magmatic water injected in the atmosphere, which can cause sudden nucleation of raindrops (with potential lahar generation). Even downbursts (i.e. very strong local winds) can occur as a result of explosive plumes. In addition, the formation of lightning accompanies many types of volcanic eruptions. However, lightning is especially common when the eruption column is higher than 10 km high and ice forms in the upper, cooler parts of the rising ash cloud (IAEAInternational Atomic Energy Agency 2016). Although such atmospheric phenomena may occur during any volcanic eruption, they are more likely in phreatomagmatic phases where more water is available in the plume. However, they can be considered rare and their effects similar to the ones due to ordinary lightening.
For Ischia there are no studies or chronicles describing atmospheric phenomena, such as shock waves, thunderstorms or lightning, due to volcanic eruptions. Hazard quantifications for atmosphere phenomena at Ischia are not available. Within a multi-hazard context, atmosphere phenomena are caused by eruptive plumes which also cause tephra fallout.
Lava flows and domes
Lava flows and domes, generated during effusive eruptions, were common at Ischia during the reference period. During the last 10 ka, lava domes and flows occurred in localized vents, sometimes aligned along fractures. Lava domes affected E and N sectors, whereas lava flows interested mainly the E sector (Fig. 8a , shaded in grey), although one of the main flows, the lava of Zaro (6.0 ka BP), emplaced in the NNW part of Ischia. This lava flow covered an area of about 1.5 km 2 reaching a distance of 1.2 km from the vent. In the eastern sector the largest event was the Arso lava flow (1302 AD) that reached a length of 2.5 km with a volume of 0.03 km 3 (Chiesa et al. 1986; de Vita et al. 2010) .
Probabilistic quantifications of lava flows are not available for Ischia. In a multi-hazard perspective, lava flows may induce fire in vegetation and in urbanized settings. They may be associated to explosive activity, especially when they reach water surfaces, also generating small gravitational collapses, pyroclastic flows, as well as ballistics of large dimensions falling up to hundreds of meters from the flow. Lava flows are also associated to potentiallly hazardous gas emissions.
The main critical points on the present-day state-ofknowledge of this hazard regard the absence of quantitative hazard studies for lava flow propagation and lava dome emplacement. These studies should be developed combining probabilistic maps of opening vents with lava flow simulations.
Pyroclastic density currents
Among 47 eruptions recorded in the last 10 ka, 20 generated pyroclastic density currents (PDC) deposits (mostly ash surges). The distribution of such deposits is shown in Fig. 10 ( de Vita et al. 2010) and highlights that such deposits affected mainly the E eastern sector. The deposits relative to Piano Liguori are the ones with the largest areal dispersion, covering the entire E and SE sectors, up to 400 m above the sea level.
The majority of the observed PDCs deposits relate to dilute and turbulent flows, associated with phreatomagmatic activity, while deposits from dense PDCs are rare and generated by partial collapses of eruptive plumes (e.g., Chiarito Tephra). Deposits from dome collapse are not known in the reference period, even if domes and high viscosity lava flows were frequent. Consequently, PDC can be considered frequent for magmatic and phreatomagmatic eruptions, and rare for effusive eruptions.
Hazard from PDCs was studied by Alberico et al. (2008) who presented semi-qualitative maps showing the frequency of PDC invasion. These maps are based on the Energy Cone model and consider the vent opening probability for an eruption with assigned VEI (3-4). Quantitative hazard assessments, estimating PDC intensity in terms of dynamic pressure, particles concentration (e.g. Dellino et al. 2004) , and temperature (e.g. Giordano et al. 2018) , are lacking.
In a multi-hazard perspective, PDCs can be associated with explosive eruptions also producing tephra fallout, as well as effusive phases producing lava. As tephra deposits, PDC deposits may provide material for lahars and the material may also be transported by winds even for hundreds of kilometers (Folch et al. 2014 ).
Non-eruptive hazards Instability of the hydrothermal system and phreatic explosions
Despite the lack of exposed deposits produced by hydrothermal or phreatic explosions at Ischia, these kinds of events are possible in all states of the volcano, either quiescence, unrest or eruption. The favourable conditions for explosions to occur are indeed observed in Ischia. The presence of an active hydrothermal aquifer, recharged by deep volcanic fluids, characterized by i) a energetic boiling (see Subsection Present geothermal system of STEP 1) or close to boiling in a large part of the island, along with ii) the poor permeability of volcanic deposits, further reduced by the precipitation of alteration minerals from circulating hot fluids, make it possible the build-up of fluid pressure, eventually leading to an explosion.
The Ischia hydrothermal aquifer appears as partially confined at depth, and the fluid pressure is expected to be higher than the hydrostatic pressure. Indeed, the rise of the water level within geothermal wells observed during the drillings performed in the 50's would suggest local pressure build-up, promoted by self-sealing phenomena. Furthermore, some "geysering" activity was observed in the same wells, induced by the geothermal drillings, which suggests that the system is prone to the explosive vaporization of hot water, as an effect of external triggering events. Geysering activity, in one of the wells, lasted intermittently some years (Penta and Conforto 1951) .
Data gathered during geothermal drillings allowed the geothermal gradients down to depths of 1,000 m to be estimated. The profile of temperature with depth suggests a vapour-dominated system below 200 m of depth (Carlino et al. 2014) , and this is confirmed by the chemical composition of the fumaroles recovered on the W flank of Monte Epomeo (Chiodini et al. 2004) , which indicate the energetic boiling of this high temperature aquifer. The shallowest part of the system (above 200 m) is, conversely, liquid-dominated, as suggested by a temperature profile compatible with the boiling curve, and this implies that even a small perturbation can induce the flashing of the liquid.
On these grounds, even in absence of specific quantifications in literature, two possible scenarios are envisaged for the generation of hydrothermal or phreatic explosions: i) the depressurization and the downward flashing of the hydrothermal aquifer; ii) the pressure build-up due to the input of magmatic fluids and the temperature increase of the hydrothermal system.
Scenario i) is expected in case of external triggers such as a landslide or an earthquake, able to suddenly reduce the lithostatic load. Therefore, this situation may occur in all the states of the volcano, including when it is quiescent. As the separation of a vapour phase is strictly dependent on both temperature and pressure, and the boiling temperature increases along with the confining pressure, the sudden release of pressure would make the system overheated. This condition would induce the flashing of the hot water, if it were close to the boiling point. The drastic pressure drop of the overlying aquifer would induce the downward propagation of the flashing point, thus progressively involving the deeper parts of the hydrothermal system.
Scenario ii) is related to a magmatic input of heat and volatiles into the hydrothermal aquifer that would increase the proportion of the vapour phase in a biphase (vapour and liquid) system, thus inducing an increase of fluid pressure in a partially confined system. If the fluid pressure overwhelms the rock tensile strength, an explosive fragmentation of the rocks may happen. This situation is typical of unrest phases, also in their earlier stages.
Quantifications of the probability of phreatic explosions and of their potential impact are not available for Ischia. The areas of the island where hydrothermal manifestations are widespread are the W, N and S flanks of Monte Epomeo, where several active fumaroles and areas of diffuse CO 2 degassing have been recorded. Furthermore, in these areas, during geothermal drillings, the highest temperatures have been recorded, in different geothermal aquifers located at 0-500 m and 1,000-2,500 m of depth. The chemical composition of fluids collected in an active fumarolic field in the W flank of Monte Epomeo, known as Donna Rachele fumaroles, indicates equilibrium temperatures at depth in the range 250-300°C with vapour composition similar to that expected for the hydrothermal liquid phase (see Subsection Present geothermal system of STEP 1). In this part of the island, moreover, a hydrological survey performed by Celico et al. (1999) has evidenced a piezometric gradient steeper than that measured in the eastern part of the island. This has to be related to lower permeability and vertical fluid transport probably focused along the fractures (often sealed by secondary minerals precipitating from circulating hot fluids) bordering Monte Epomeo.
From a multi-hazard perspective, it must be noted that phreatic explosions may be accompanied by large gas emissions (Subsection Volcanic gas and aerosol), since a significant component of the hydrothermal system is CO 2 . Pressure variations within the hydrothermal system may cause slope instability, especially in areas with argillification, and, the other way, variations of hydrostatic pressure can be generated by slope instability. Phreatic explosions may trigger ballistics and PDCs, and may favour magma ascent and further vent opening.
Volcanic gas and aerosol
Volcanic gases represent a significant portion of the total mass of material emitted by volcanoes, and those emitted through fumaroles are highly reactive and potentially toxic (among these, CO 2 , SO 2 , H 2 S, CO, HCl are those that can have the most serious effect on human health).
As described in Subsection Present geothermal system (STEP 1), several fumarolic areas occur on Ischia Island. Besides water vapour, CO 2 , is the most abundant gas species emitted by fumaroles. It can induce asphyxia at high concentrations, as an effect of accumulation in morphological depressions or in non-ventilated cellars.
Although Rn generally occurs at concentrations lower than CO 2 , it is potentially harmful, because of radioactive emissions of Rn itself and its "daughter" elements. High Rn concentrations are expected in areas of intense degassing, or indoor, as houses are generally built with local volcanic rocks, containing "parent" elements of Rn in the decay chain. Pugliese et al. (2014) Detailed studies concerning the diffuse soil gas emissions have been performed in the W and S sectors of the island, both in the nearby of Donna Rachele fumaroles (Chiodini et al. 2004) and in the area between Maronti and Citara (Di Napoli et al. 2011 ).
On Ischia Island, an operative monitoring of the gas hazard is lacking. The available data only refer to distinct campaigns of measurements of soil CO 2 degassing, carried out on April 2001 in the area of Donna Rachele fumaroles (Chiodini et al. 2004 ) and in May 2007 in the Maronti-Citara area (Di Napoli et al. 2011 ). The total diffuse CO 2 flux in the area of Donna Rachele fumaroles is estimated in 9.1 t/d for the whole area, whereas in the area between Maronti and Citara only an average flux of 70 g m − 2 d − 1 has been computed. The emission of gases from fumaroles or mofettes is effective during quiescence and is even more likely during unrest related to magma ascent or eruption. It is likely, although never measured, a parallel increase of gas concentrations in air, particularly close to the fumaroles or even in areas of diffuse degassing in topographic depressions or indoors. A quantitative gas hazard assessment for Ischia Island is lacking.
From a multi-hazard perspective, although the gas hazard is envisaged in any phase of volcanic activity, from quiescence to eruption, it potentially increases parallel to other events. During magmatic unrest, the movement of magma batches induces further degassing, focused either in the existing fumarolic areas or even in newly opened fractures. In case of magmatic, phreatic or hydrothermal explosions, large amounts of water vapour and other minor gas species, potentially harmful, are massively emitted, thus increasing the gas hazard in the proximity of vents. The water vapour and the acidic gases emitted during eruptions also induce the formation of acidic clouds and the generation of acidic wet and dry deposition (rainfall and particulate), able to damage spontaneous vegetation and crops, and frequently causing irritation in eyes and lungs of inhabitants in nearby settlements.
Ground deformation
Ground deformation can occur before, during or after volcanic activity. It is generally related to both magma or hydrothermal system dynamics, and tectonic processes. An increase in ground deformation could herald the beginning of a new eruptive episode and/or the opening of a new eruptive vent. This can also have indirect effects such as triggering landslides, debris flows or related phenomena.
As emerged in Subsection Present state of the volcanic system of Ischia (STEP 1), the ground deformation field in the last 30 years (levelling since 1987, GPS since 1998 and SAR since 1992) indicates relatively small displacements, with a general subsidence with higher values (up to about 1 cm/year) in the S and central-W sectors (Fig.  4) . Co-seismic deformations up to several cm are expected when significant seismic events occur, as observed during the 2017 earthquake (see Subsection Historical and instrumental seismicity in STEP 1). During the resurgence phase an average uplift velocity of the resurgent block of the order of 3 cm/year was calculated, but there is no information about its potential temporal variability. There is no quantitative information about the deformation during unrest and/or eruptions.
There are no specific hazard quantifications regarding ground deformation. The state of quiescence seems characterized by the substantial lack of uplift phenomena and by a general trend of subsidence, with maximum value on the order of mm/year, at least when resurgence is not active. Potential peaks in resurgence cannot be estimated. There are no available measurements of the variations (or of their orders of magnitude) that occurred based on monitoring ground deformation parameters for the unrest/eruption phases. By analogy with all volcanic systems, during the unrest phase, a significant increase in ground deformation rates is expected. Strong variations in the deformation patterns and rates are expected both in the case of a magmatic intrusion and during an eruption phase. During eruption, significant (tens of centimetres or greater), rapid (hours-days), deformation connected to intrusive phenomena is expected (Dzurisin 2007) .
From a multi-hazard perspective, significant deformation may be caused by earthquakes, overpressure in the aquifers, as well as during the propagation of dykes and vent opening. Large deformation may trigger slope instability of all scales (from small landslides up to rock and debris avalanches, see Subsection Gravitational instability on slopes).
Local seismicity
Ischia has a well-known history of seismic events. Even if little information is available for ancient Greek and Roman times, more seismic events are known since the XIII century, showing activity mainly concentrated in the area N of Monte Epomeo, in the municipalities of Casamicciola and Lacco Ameno (Luongo and Cubellis 2018, and references therein; Fig. 5a ). This activity affected small areas with impacts related to very high maximum intensities, probably due to shallow events (< 2 km) with a strong attenuation (e.g., Carlino et al. 2010) . As reported by the Database Macrosismico Italiano 2015 , local intensity records in Casamicciola show a rather intense seismic activity starting in the eighteenth century that culminated with the 1881 and 1883 earthquakes (Fig. 11a) . In particular, the catastrophic event of 1883 reached in Casamicciola a very large intensity (ranging from IX to XI in the different studies), which attenuated very rapidly in space suggesting a probable surficial source located N of Monte Epomeo ; Fig. 11b ). After this strong activity at the end of the nineteenth century, only sporadic and low magnitude (M d < 2.5) earthquakes have been registered , until the recent M w = 4.0 event that struck Casamicciola in August 2017, with a source that shows strong geometrical similarities with the ones inferred for the previous events (e.g., De Novellis et al. 2018; Braun et al. 2018; Calderoni et al. 2019) .
Earthquakes may occur in all the phases of the volcano, including in quiet periods. The recent 2017 event shows that relatively small and shallow (M < 5 and depth < 2 km) events may have large impacts, without requiring the onset of a volcanic unrest. In unrest and eruptive phases, an increase in seismic activity is expected; this heightened seismic activity will not necessarily correlate with the spatial distribution of known seismic activity, given that it is potentially connected to magma movements.
Local and quantitative probabilistic seismic hazard analyses do not exist. The national probabilistic hazard map (Gruppo di Lavoro Mappa di Pericolosità Sismica 2004; Stucchi et al. 2011 ) puts Ischia within a large seismic zone extending from Ischia to the Appennines and including all the Neapolitan volcanic district (e.g. Campi Flegrei and Vesuvius), characterized by a maximum magnitude Mw of 5.91 and relatively low annual rates, leading to an intensity PGA between 0.12 and 0.17 g for the 10% probability of exceedance in 50 years (average of the epistemic uncertainty; Alberico and Petrosino 2015). Sbrana and Toccaceli (2011) report a qualitative risk map for future significant events, based on the historical seismicity (especially the 1883 event) together with geological and tectonic data (Cubellis et al. 2004 ). This map considers 4 levels of risk, with a spatial distribution similar to the one of the macroseismic intensity of the 1883 earthquake (Fig. 11c) .
Earthquakes may trigger landslides, debris and rock avalanches, important deformations (co-and postseismic), as well as important changes in the hydrothermal system, causing sudden depressurization and vaporization. These events may trigger important multihazard scenarios (see Section Discussions and conclusions). Conversely, earthquakes may be generated by magma movements, opening of vents, deformations, as well as any event modifying significantly the stress/strain fields and/or the fault conditions (e.g., the pore pressure), including changes in the hydrothermal system.
Gravitational instability on slopes
The geological record indicates a recurrence of impulsive shallow landslides on the order of one every 100-500 years, while the recurrence of MRC is significantly larger (on the order of one every 2,000 years in the geological record, see Subsection Present geothermal system in STEP 1). The largest MRC occurred in the area of the Falanga (W of Monte Epomeo), with a volume of 125 × 10 6 m 3 . The Ischia Debris Avalanche (IDA) may correspond to an even larger event, but a certain degree of uncertainty is still associated with IDA's age and emplacement mechanism (i.e. single event/multiple event; Chiocci and de Alteriis 2006; see Subsection Present geothermal system in STEP 1). The only documented ongoing slope deformation MRC affects the NW sector of Monte Epomeo (Della Seta et al. 2012 Seta et al. , 2015 over an area of about 1.6 km 2 . The geometry and depth of the involved volume is controlled by the mechanical behaviour of the Green Tuff (Marmoni et al. 2017) and was estimated by Della Seta et al. (2015) at about 190 million m 3 . The impulsive nature of the trigger that activates the shallow landslides makes them associated to all phases (quiescence, unrest and eruptive). Also rock avalanches (as ultimate stage of MRC) can be associated with all phases, since they may be triggered by weathering and related rock mass damage during quiescence, as well as by internal stresses (magmatic ascents, thermo-baric variations of the hydrothermal system) or external forcing (earthquakes) during unrest or eruption. In addition, it is not possible to exclude that earthquakes and/or eruptions can trigger landslides in the submarine environment and that any landslides detached from the emergent landmass may cause subsequent phenomena of gravitational instability at sea.
Quantitative probabilistic hazard studies of the potential impact of gravitational instability on slopes are not available. Given the present state of knowledge, we can depict two main hazard scenarios, the first related to recurrent landslide activity and the second connected to MRC processes.
Intermittent landslide activity has recurrence times of the order of tens or hundreds of years, with probability related to the one of the following triggers: a) eruptive events; b) ground explosions and earthquakes; c) meteorological events. In the first case, landslides can have both small and medium-intensity (volumes of thousands and tens of thousands of m 3 , distance travelled ranging between tens and thousands of meters) and large volumes (large flows in rock or debris avalanche). The most predisposed areas are concentrated along the N and W sectors of the Monte Epomeo resurgent block (Casamicciola, Monte Nuovo, Ciglio). In the case of explosive eruptions with tephra fallout, volcanoclastic flows or lahars could be triggered by anomalous and intense rains generated by the dynamics of the plume itself. In the case of meteorological events, landslides are characterised by rock falls on the sea cliffs and volcanoclastic flows or lahars, sometimes evolving to floods, with high sediment concentrations and volumes from thousands to tens of thousands of m 3 . These flows can travel distances up to thousand meters.
Continuous deformation connected to MRC processes implies an evolution with phases of acceleration/deceleration that can culminate in a final paroxysm with collapse of entire portions of slopes, generating rock avalanches with volumes of hundreds of millions of cubic meters, speeds of hundreds of kilometers per hour and runout distances of several kilometers. The MRCinduced deformations develop over long times (10 4 -10 5 years) and the collapse can also occur independently from external factors, due to the evolution of the creep processes. However, external forcing (such as close or even distant earthquakes, eruptions, or explosions) can accelerate the collapse. The spatial distribution of the rock avalanche deposits that can be surveyed at Ischia suggests that the whole western and N side of the resurgent block of Monte Epomeo have been affected by this scenario. At this stage, the only documented MRC process is at Monte Nuovo and it involves the western slopes of Monte Epomeo. The evolution of the MRC process should be strictly connected to: i) nature and style of the eruptive activity as well as of the associated deformation processes during unrest or eruptions (with particular reference to internal pressures related to magmatic intrusion effects, see Subsection Ground deformation); ii) tectonic stress field and related faulting and fracturing (Subsection Local seismicity); iii) hydrothermal activity, pressure of fluids and effects of chemical alteration of rocks and soils (Subsection Instability of the hydrothermal system and phreatic explosions; Lopez and Williams 1993 , Reid et al. 2001 , Reid 2004 , Kiryukhin et al. 2012 Kiryukhin 2016; Chen et al. 2014; Ye et al. 2015; Marmoni et al. 2017) ; iv) intervention of external impulsive forcing linked to the dynamics of the volcanic system (e.g., earthquakes, deformations). Regarding the seismic trigger, low frequency contributions (also from far events) have been suggested to be more efficient in triggering MRC (Lenti et al. 2015) , even if also high frequency local events have been suggested as potential triggers (Paparo and Tinti 2017) .
The lack of historical observations does not allow a robust statistical analysis of the occurrence and of the possible cause/effect relationships (i.e. trigger/landslide), between types of destabilizing action and intensity of the triggered phenomenon, for neither MRC nor the impulsive landslides and lahars. In both cases, more study is necessary to constrain potential behaviours in the case of stress changes induced by regional and local earthquakes.
The ultimate evolution of MRC into rock avalanche can lead to multi-hazard scenarios such as instantaneous decompression effects of the underlying hydrothermal systems, inducing phreatic or hydrothermal eruptions, phreatic explosions (Subsection Instability of the hydrothermal system and phreatic explosions), as well as tsunamis (Subsection Tsunami) when the coast is reached.
Tsunami
The Euro-Mediterranean Tsunami Catalog (Maramai et al. 2014 ; EMTC -Euro-Mediterranean Tsunami Catalog 2018) does report several tsunami events in the gulf of Naples, none of them generated by the volcanic system of Ischia. In the archeological-historical record, a tsunami is reported to have occurred in the time span between the first century BC and the first century AD during a volcanic eruption, possibly caused by a volcanic earthquake (Buchner 1986) . Geological surveys along the coasts of Ischia have identified several landslide deposits that may have generated tsunamis, in particular in the N, W and S sectors, probably connected to debris and/ or rock avalanches originated at Monte Epomeo (Della Seta et al. 2012) . The largest of these deposits (IDA) has been recognized offshore at the south of Ischia, occurred in prehistorical times (Chiocci and de Alteriis 2006) , but the origin and the nature of this deposit is still debated (see Subsection Present geothermal system of STEP 1). Assuming that it has been generated by one single catastrophic event, this avalanche would have caused a huge tsunami (Tinti et al. 2011) .
Tsunamis generated in Ischia may occur in all the states of the volcano. There are no quantitative studies about the probability of occurrence of tsunamis in the future. In general, large tsunamis seem quite rare (no observations in historical times), but they may be catastrophic when they occur. During quiet periods, tsunamis may be generated mainly by rock or debris avalanches, which are possible but rare. The occurrence of these events may be triggered by regional seismic activity, as well as by deformations and local seismic activity typical of unrest and eruptive phases. During unrest, tsunamis may be additionally caused by earthquakes, even if large offshore events (M w > 6.5) seem to be quite unlikely. During eruptive phases, tsunamis may also be caused by submarine explosions and dense pyroclastic flows. Vent opening at sea is considered possible, even if with relatively small probabilities (see Subsection Opening of new vents).
Probabilistic tsunami hazard analyses from Ischia sources are not available. For the tsunamis generated by subaerial landslides, several scenarios were simulated, providing an indication of the potential spatial distribution of tsunami intensities for different scales of landslides. We can provide a reasonable coverage of the possible scales with: i) large impulsive avalanches like IDA; ii) large rock avalanches (with volumes 10 8 -10 9 m 3 ), as the potential collapse of Monte Nuovo; iii) smaller shallow landslides. The occurrence of events of types i), ii) and iii) in the different sectors of Ischia is discussed in Subsection Gravitational instability on slopes. An event like IDA may cause a huge tsunami with waves of tens of meters in Ischia and in many areas in the gulf of Naples, and an impacted area extending to a large sector of the surrounding Tyrrhenian coast (Tinti et al. 2011; Fig. 12a) . Large rock avalanches like the one potentially originated by the MRC of Monte Nuovo (NW of Monte Epomeo, see Subsection Gravitational instability on slopes) would also cause large tsunamis. In the case of Monte Nuovo, the tsunami would impact with waves of tens of meters along the western and, locally, the N coast of Ischia (Zaniboni et al. 2013; Fig. 12b) , and with waves several meters along the coast to the N of the gulf of Naples. Shallow impulsive landslides may generate tsunamis with much smaller intensities, but with a propagation pattern similar to the Monte Nuovo for events in N and W sectors, and similar to IDA for events generated in the S sector of Ischia (Tinti, personal communication) .
Regarding potential regional tsunamis impacting Ischia, Grezio et al. (2015) , based on a simplified propagation models, concluded that the main cause for potential tsunami at Ischia seems to be earthquakes, followed by landslides and submarine slumps, all of them with very small mean annual frequencies (< 10 − 6 /year). Volcanic tsunamis originated at Campi Flegrei or Vesuvius have not been investigated. In the regional seismic probabilistic tsunami hazard analysis of TSUMAPS-NEAMProbabilistic Tsunami Hazard Maps for the NEAM region (2018), the area of Ischia has a relatively small hazard, with a maximum inundation height (MIH) ≤ 0.5 m (corresponding to local maxima in the order of 1.5 m) for an exceedance probability of 2% in 50 years.
In a multi-hazard perspective, tsunamis of different potential sizes may be generated by a long list of phenomena, especially in a volcanic environment, including underwater explosions, pyroclastic flows, earthquakes, flank failures and large landslides, Fig. 12 Knowledge of tsunami hazard: a Synthetic mareograms in different areas for the tsunami potentially generated by the Ischia debris avalanche (modified from Tinti et al. 2011) ; b maximum elevation height close to the coast for the tsunami potentially generated by the Monte Nuovo rock avalanche (modified from Zaniboni et al. 2013) caldera subsidence, shock waves, lahars, collapse of lava bench (Paris et al. 2013; Grezio et al. 2017 ) that, in turn, may be triggered by other phenomena, as discussed in more detail in the respective subsections of STEP 2.
STEP 3: conceptual interpretative framework
Here we develop a interpretative framework connecting the multiple hazards generated at Ischia. This type of conceptual models may provide a basis for future singleand multi-hazard and risk analyses (e.g., IAEA -International Atomic Energy Agency 2012, 2016). Its rationale is discussed in Subsection The conceptual multihazard framework, while the related single and multihazard scenarios are discussed in Subsections The hazard scenarios within the CMF and Multi-hazard scenarios, respectively.
The conceptual multi-hazard framework
The Conceptual Multi-hazard Framework (CMF) is based on the geologic evidence available for the reference period (last 10 ka) and relies on the dichotomy expressed by extensive peripheral eruptive activity and no eruption in the resurgent block (see Subsections Resurgence of STEP 1 and Opening of new vents of STEP 2). More specifically, within the resurgence (Subsection Resurgence in STEP 1), no eruptions have occurred in the last 10 ka (observation extendible also to~30 ka). In the last 10 ka, syn-resurgence eruptions focused outside and along the resurgent block, in particular to the east (Fig. 8) , with 43, small size (mostly < 0.1 km 3 ) eruptions that formed a monogenetic field, probably fed by several, limited and independent reservoirs within a crystalline mush (Subsection Magmatic system of STEP 1; e.g., Casalini et al. 2017) . The eruptive styles (Subsection Eruption of STEP 1) ranged from effusive to explosive and phreato-magmatic.
The distribution of the syn-resurgence vents suggests that the shallowest rise and extrusion of magma has been hindered below the resurgent block. Indeed, the uplift of~1000 m of the resurgent block testifies to the accumulation of magma. Therefore, the resurgence confirms the difficulty of magma to extrude, accumulating and triggering uplift. The unbalance between the volume uplifted by resurgence (~10 km 3 , suggesting the intrusion of at least a similar amount of magma) and that erupted on the island during resurgence (< 1 km 3 ) indicates that most of the magma responsible for resurgence has not (yet) erupted. This has been related to the presence of intermediate-viscosity residual magma at depth, whose low viscosity contrast with the newly injected magma hinders the propagation of the latter through dikes, thus hindering eruptions (Galletto et al. 2017) .
The resurgent area is also connected with the origin of different distribution and types of landslides (Subsection Present geothermal system of STEP 1), providing a rapidly uplifting sector in the last tens of ka. The sides of the resurgent block mainly show mass rock creep (MRC, Subsection Geological and historical instability of slopes of STEP 1), possibly evolving in widespread collapses forming rock avalanches (especially to the N and W) or shallow impulsive landslides (e.g., Della Seta et al. 2012) . Conversely, both the area within the block and outside have mainly experienced impulsive landslides.
Resurgence is also related to the seismicity (Subsection Historical and instrumental seismicity of STEP 1), which has been mostly affecting the northern boundary of the block. Seismogenic structures coincide with those developed during resurgence (e.g., Luongo and Cubellis 2018) , even though the co-seismic deformation during the 2017 earthquake suggests subsidence (e.g., de Novellis et al. 2018 ). Lastly, hydrothermal activity also focuses along the border of the block (Subsection Present geothermal system of STEP 1).
Based on what has been discussed so far, we may distinguish selected areas where sources of specific hazards dominate ( Fig. 13): a) The inner part of the resurgent block (Sector 1; Fig. 13 ), with impulsive landslides or debris avalanches. Here eruptions are unlikely, as the shallow rise of magma appears hindered. Hydrothermal activity occurs mainly in the southern portion. b) The border of resurgent block (Sector 2, Fig. 13 ), where mass rock creep (MRC) may evolve into widespread collapses, especially to the N and W (as at Monte Nuovo). Eruptive activity may occur along the faults bordering the resurgence (especially to the E), while seismicity occurs along the faults to the N. The western and northern borders of the block also show hydrothermal activity. c) The area outside the resurgent block (Sector 3, Fig. 13 ), with eruptive activity (mainly along regional fault systems to the E) and, subordinately, shallow impulsive landslides, mostly in the SE and SW.
In synthesis, the current setting of Ischia results from important asymmetries in the magmatic system, topography, instability of the slopes, seismicity, and hydrothermal system. This asymmetric distribution reflects the interdependence among resurgence, magmatic-eruptive activity, hydrothermal, seismic, and gravitational activity and controls the distribution of the sources of different natural hazards. This resurgence-driven asymmetry, and its related processes, defines the core of our CMF for Ischia, providing a descriptive and qualitative reference to interpret the types and distributions of hazards, as well as their inter-dependence.
The hazard scenarios within the CMF
With hazard scenarios here we mean typologies of hazardous events that may occur and trigger to each other within the CMF, taking into account the triggering factors and source areas. These typologies are related to the different observed hazards (magmatic, eruptive, seismic, gravitational, hydrothermal), or to their combination (multi-hazard).
Eruptive hazards
According to the CMF, an eruption may occur along the margins of the resurgent block, or, most likely, outside, along the major structures, that is, in Sectors 2 and 3 of Fig. 13 . The focusing of vents on the E sector suggests a higher probability for a future eruption here (Subsection Opening of new vents in STEP 2). This possibly agrees with the asymmetry of the hazards emerging from the CMF. Nevertheless, we lack adequate information to provide a more detailed zonation for the opening of vents in this area, fearing the potential overfitting of the few available data. This suggests that the area outside the resurgence may have a relatively homogeneous probability of opening of new vents, with a possible predominance in the eastern sector. This conclusion, also based on an interpretation of the processes driving resurgence (e.g. Galletto et al. 2017) , generally agrees with the observed past vents and the available previous studies, but it differs from them when they show a higher resolution in the distribution of the probability of opening of new vents (see Subsection Opening of new vents in STEP 2).
Based on what is observed for the last 10 ka, any eruption should erupt no more than a few tens of millions of m 3 of magma (very likely ≤0.1 km 3 ; see Subsection Eruption in STEP 1). All eruption types are possible and the explosive ones, based on the stratigraphic record, very unlikely can be larger than VEI 3-4 (e.g. Cretaio eruption, Orsi et al. 1992) . Effusive eruptions may produce thick and viscous flows and domes, with a likely duration of up to a few months; explosive eruptions may range from Strombolian to violent Strombolian, lasting hours to days; phreato-magmatic surges may last from a few hours to a few days, and cross topographic barriers.
The eruptions of Arso, Cretaio, and Piano Liguori may be taken as a reference for potential maximum event for each type of eruption, given that these are the largest within the reference period (Subsection Eruption in STEP 1).
Hydrothermal hazard
Even though phreatic explosions have not been recognized, we cannot exclude their future occurrence, also during unrest (Subsection Instability of the hydrothermal system and phreatic explosions in STEP 2). The most favourable conditions occur in the N, W and S sectors, where there are the most active fumaroles and diffuse CO 2 degassing. Within the CMF, we may envisage two main scenarios for phreatic explosions: a) Depressurization of an aquifer close to boiling, resulting in the explosive flashing of the liquid water, triggered by sufficiently deep landslides. This possibility is most likely in Sector 1 of Fig. 13 , in particular on its W side. b) A pressure build-up of the aquifer caused by a magmatic intrusion releasing heat and volatiles, increasing the temperature and the pressure of the hydrothermal system. This may occur in Sectors 2 and 3 of Fig. 13 .
Gravitational instability hazard
By "gravitational instability" we mean the deformation and/or mobilization of the volcano slopes under the effect of gravity. This may occur with different processes and modalities (Subsections Gravitational instability on slopes in STEP 1), related to different volumes and velocities. Within the CMF, we may envisage two main scenarios for large gravitational instability (categories 1 a or b in Subsection Geological and historical instability of slopes in STEP 1): a) Large impulsive landslides, triggered by eruptions and seismicity; these are more likely in Sectors 1 and 2 of Fig. 13 , along the N and W borders of the block. Smaller landslides may be triggered also by meteorological events, throughout the island. b) Large landslides connected to the acceleration of long-term mass rock creep, not requiring a triggering factor, even though seismicity, magma intrusions and eruptions may accelerate their failure. These collapses, especially if located in the N and W sectors, can reach the coastline and trigger potentially large tsunamis.
Earthquake hazard
Here we focus on the earthquakes whose epicentres lies within the caldera (Subsection Volcanological evolution of STEP 1). Focusing only on relevant seismicity (e.g., M w > 2.0), within the CMF we may envisage two main scenarios:
a) The very shallow (< 2 km deep) activity of the E-W structures along the northern margin of the resurgent block (N of Sector 2 of Fig. 13 ). This seismicity may reach magnitude 5-5.5 (for the 1881 and 1883 events). The seismicity does not appear to be induced by reactivation of the resurgence (i.e. is not associated with any uplift on the block); rather it is reactivating the inward-dipping resurgence border faults with an extensional motion (De Novellis et al. 2018 ). b) The seismicity related to the emplacement of an intrusion, probably a sill or a laccolith, during unrest, due to the fracturing of the host rock. This may occur anywhere below the island, probably focusing along its periphery during the rise of the magma.
Multi-hazard scenarios
The multi-hazard scenarios consider likely combinations of the four main hazards: eruptive (including preeruptive unrest), landslide, seismicity, and hydrothermal, Fig. 14 Sketches illustrating the possible multi-hazard scenarios occurring at Ischia. Not to scale. a Magma-induced multi hazard: the emplacement of a shallow intrusion (1) induces seismicity (2) and deformation (3), possibly destabilizing the resurgence border (4) and, in the case of the landslide products entering the sea, triggering a tsunami (5). Eventually, the intruded magma may erupt (6). b Seismicity-induced multi-hazard: one or more earthquakes (1) may trigger the collapse along the border of the resurgence (2), eventually promoting phreatic explosions for decompression (3) or tsunamis (4), if the collapsed deposits enter the sea. c landslide induced multi-hazard: a collapse along the border of the resurgence (1) may, eventually promote phreatic explosions for decompression (2) or tsunamis (3), if the collapsed deposits enter the sea adopting a what if logic. To develop the multi-hazard scenarios, we consider that each hazard may trigger other hazards, producing wider and stronger impacts than the ones expected from a single hazard. This possibility is highlighted within the CMF, which shows ( Fig. 13) how hazards of different nature may originate in the same area or in nearby areas. Several combinations of multi-hazard scenarios may be expected; however, the main hazards triggering a potential sequence of other hazards are magma movements, seismicity, and landslides, described below.
Scenario triggered by magmatic processes
This scenario, schematically represented in Fig. 14a , includes a sequence of hazards triggered by unrest, culminating or not in an eruption.
During unrest, surface deformation and/or seismicity may destabilize several parts of the island, most notably those bordering the resurgent block. These destabilized portions (e.g., a rock avalanche), in turn, may reach the coast, triggering tsunamis possibly also reaching the mainland. Magmatic fluids or rock avalanches may cause sudden pressure changes in the hydrothermal system, triggering phreatic explosions in any portion of Ischia, with a focus along the N and W borders of the resurgent block,.
In case of eruption, the hazards will vary according to the eruptive style and intensity. If an explosive eruptive column forms the blanket of tephra may also trigger syn-eruptive lahars during or after rainfall events.
Scenario triggered by seismicity
This scenario, schematically represented in Fig. 14b , may be triggered by unrest, or simply start as an isolated seismic event.
Both prolonged unrest-related or sudden and isolated seismicity may trigger impulsive landslides, especially within the block. The high frequency volcano-tectonic seismicity beneath Ischia (Subsection Historical and instrumental seismicity in STEP 1) appears less effective than the longer period seismicity or the stronger regional earthquakes (see Subsection Gravitational instability on slopes in STEP 2) in triggering rock avalanches from MRC processes along the borders of the block. Therefore, the destabilizing effect of an earthquake may partly depend on the nature of the seismic event. Looking at the seismicity generated at Ischia, the likelihood of large landslides (Subsection Scenario triggered by landslides above) potentially triggering tsunamis seems larger for seismic scenarios of type 2 (due to magma intrusion) than of type 1 (related to the structure, see Subsection Earthquake hazard above).
Any sudden depressurization, caused by fracturing or landslides, may lead to the sudden vaporization of the shallow (150-300 m) hydrothermal system, generating phreatic or hydrothermal explosions.
Scenario triggered by landslides
This multi-hazard scenario, schematically represented in Fig. 14c , is triggered by mass rock creep processes along the slopes of the block, independently of any unrest or non-magmatic seismicity.
Such a slope destabilization may induce a sudden decompression in the hydrothermal system, triggering phreatic eruptions. The generated rock avalanches may, in turn, reach the coastline, generating tsunamis. The possibility that an important landslide occurs along the border of resurgence (as the Monte Nuovo area) decompresses the magmatic system and generates an eruption appears unlikely, unless any magma has been already emplaced at very shallow depths (< 2-3 km) during a previous unrest.
Discussions and conclusions
This paper is focused on building a foundation for future single-and multi-hazard assessments at Ischia Island through a comprehensive review of the state of knowledge about Ischia volcanic system (STEP 1) and about available hazard studies (STEP 2), and the development of a conceptual interpretative multi-hazard framework that deepens the relationship between the hazards and the structure of the resurgence (STEP 3). The focus was on the whole island of Ischia and included all potential hazards generated by the volcanic systemwith ordinary mean return periods (shorter than tens of thousands of years).
In STEP 1, considering the evolution of Ischia volcanic system, it was found that a period of 10 ka, characterized by the renewal of volcanic activity after a period of low or no activity also marked by changes in magma chemistry, can be considered representative of the present state of the volcano for the purposes of most ordinary hazards assessments. Of course, considering that hazards analyses should not be reliant on a subset of available information, this period should be taken as a minimum for ordinary hazard analyses (noteworthy, critical infrastructures such as nuclear power plants may require longer reference periods, see IAEA -International Atomic Energy Agency 2012).
Since at least the 1980s, Ischia has been at rest and this quiescence is characterized by subsidence, lowenergy seismicity with sporadic shallow (< 2 km) events locally causing large ground accelerations, important gravitational instability phenomena and hydrothermal activity. From geological and historical records, unrest seems to be characterized by the potential simultaneous occurrence of significant seismic activity and gravitational failures, possibly connected with volcanism. The records of past eruptions in the last 10 ka include 5 typologies: i) effusive with lava domes or ii) with lava flows; iii) explosive with prevalence of magmatic explosions, iv) with prevalence of phreatomagmatic explosions, or v) with mixed magmatic and phreatomagmatic phases. The magnitude and intensity of past events is not well constrained, highlighting an important limit for hazard quantifications. The different typologies are almost equally represented in the known record, with annual frequencies on the order of 10 − 3 /year in the last 3 ka and lower frequencies in the last 10 ka. While these numbers are uncertain, the higher frequencies in recent times seem to correspond to an increase in the activity in this period more than due to data incompleteness. The period from the last eruption (1302 AD) is by far the largest inter-event time in the last 3 ka, possibly indicating that the last eruption concluded this period of higher activity.
The review of available hazard analyses of STEP 2 is summarized in Table 2 . Quantitative probabilistic hazard assessments are almost absent, in part related to a scarce availability of the required input data. In the literature on Ischia, hazards are often characterized through semiqualitative indexes (ash, pyroclastic flows, earthquakes) and/or through single or few rather arbitrary scenarios (tsunamis, landslides, earthquakes), and/or simply through past events (lava, ballistics). In some cases (deformations, atmospheric phenomena, gas), the hazards are characterized mainly by analogy with other volcanoes. In all cases, the exploration of natural variability is too poor considering the vast variety of phenomena that may contribute to risk in an intensely urbanized island like Ischia.
The available knowledge allows us to infer that in quiescence, surficial landslides, hydrothermal activity and degassing are frequent hazards, while more potentially damaging phenomena like earthquakes, tsunamis, and rock avalanches are quite rare, but still possible. In unrest, hydrothermal activity and degassing may increase, and earthquakes, tsunamis, and rock avalanches become more probable. In eruptions, tephra fallout and pyroclastic flows dominate for explosive eruptions, while lava flows dominate for effusive eruptions. The available quantifications also suggest that all the phenomena may have a limited effect on the mainland, with the exception of tsunamis and tephra fall. As the dominant winds blow westwards, volcanic plumes may affect the city of Naples with tephra fall. The likelihood of such an event, as deduced from the last 10 ka of activity, remains low, albeit not negligible. Regarding tsunamis, even though the Ischia Debris Avalanche may have occurred in the reference period, the present-day conditions do not seem favourable for the repetition of a similar large-scale event, while smaller (but still very large) mass rock creep processes are more likely, potentially triggering tsunamis hitting the nearby mainland.
The interpretative multi-hazard framework developed in STEP 3 is based on the inferred relationship between the asymmetric structure generated by the resurgence and the processes generating the different hazards, considering that most of the gravitational flows originated from the area of greatest resurgence; the observed nonmagmatic seismicity is concentrated in the northernmost part of this resurgent area; and that eruptions occurred outside of this area. Following a what if scheme, we envisaged scenarios for single and multiple hazards related to magmatic, seismic, and gravitational activity.
The overall state of knowledge regarding the hazards at Ischia seems to be rather poor. The lack of the required input data seems to be the main reason for the lack of probabilistic volcanic hazard. For tsunami hazard, the emerging picture is quite ambiguous, with many studies indicating the potential for large tsunamis, but neither historical nor geological confirmation, even for the largest sizes. Given the potential risk demonstrated by past (e.g., 1883) and recent (August 2017) earthquakes, the lack of local probabilistic seismic hazard models is quite striking, and future efforts should focus on this possibly also investigating the cause of the apparent significant variability in time of the seismic rate. Equally striking seems to be a substantial lack of specific studies on Ischia about the triggering mechanisms of large scale landslides and of phreatic explosions. Finally, there is also lack of analyses for potential short-term evolution (days to years) connected to a re-activation of the magmatic system of Ischia.
To specifically improve this situation, different types of analyses are necessary. A general improvement of basic data and monitoring is necessary, including (i) the characterization of seismic source and their relation to the hydrothermal system and the resurgence; (ii) the characterization of the magnitude and the intensity of past eruptions, including the potential for phreatic and phreato-magmatic activity; (iii) the analysis of magma ascent patterns, their time-scale, and their relationship with the resurgence; (iv) the better definition of the mechanism of acceleration of deep creeping and/or (re) activation of impulsive large landslides; (v) the definition of the potential for (deep) phreatic activity; (vi) the characterization of the potential sources for local tsunamis; (vii) the definition of magnitude/intensity distribution of eruptions. It is also fundamental to develop local probabilistic hazard models, especially for earthquakes, ash fall, pyroclastic flows, lava flows, as well as phreatic eruptions.
Important developments of the monitoring system are also required, including the permanent monitoring of the Monte Nuovo creep, the permanent geodetic network (to enable an early detection of a potential reversal and to improve the source inversion capability in case of unrest), as well as the improvement of the geochemical monitoring (e.g., for monitoring temperatures and CO 2 ), and more frequent campaigns for tracking potential changes in the deep hydrothermal system and wells. The seismic network has recently improved after the 2017 seismic sequence, leading to a relatively good coverage of local seismicity.
